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A. INTRODUCTION

r, 1. Scope of Program

Antennas for millimeter waves fall into two broad categories: those

that can be successfully scaled from their microwave frequency counter-
parts, and those that cannot. In the first category, one would place re-

flectors, lenses and horns. The small size in fact enhances their attrac-
tiveness, since higher directivity can be achieved with small size. The IX
second category includes such antennas as slot arrays, leaky wave antennas,

and phased arrays. This contract is toncerned with antennas in the second

category.

Millimeter wave antennas present particular challenges because of two

main problems. The first problem relates to the small wavelengths involved,

requiring antennas of smaller size. For certain types of antennas this

feature is a boon, but for others it presentp a greater difficulty of fabri-

cation. The second problem is higher metal loss. For components which are

about a wavelength long, the higher loss does not produce much of a problem,

so that useful millimeter wave integrated circuitry can be designed up to

100 GHz or so using such relatively lossy guides as microstrip or finline.
For antennas that employ traveling waves, on the other hand, the antenna

lengths may be typically 20 to 100 wavelengths long, and the waveguide loss

may compete with the leakage, or radiation, loss, thereby distorting or

upsetting the antenna design.

The smaller size and higher loss can cause problems'for antennas in

the second category mentioned above, so that direct scaling from known

microwave designs is not suitable for such antennas. It is therefore ne-

cessary to seek novel structures or modifications of known structures as

the basis for new antennas. This recognition has furnished the motivation

for the research program on this contract.

The contract proposal contained many suggestions for such new antennas,

including lumped-element radiators that could serve as elements in phased

-1--
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arrays, and new types of leaky wave antennas. The title of the contract

reflects this broad scope of possible new antenna structures. Of the

various possible directions we could pursue, we chose first to explore
novel antennas of the leaky wave type. This choice was dictated in

part by our past experience with such antennas and in part because leaky

wave antennas form a natural class of antennas for millimeter waves, in

view of the small size of waveguides in the millimeter wavelength range. QV"

In addition, such antennas can be used as elements in a phased array in '.
which the array is comprised of leaky wave line sources all parallel to

each other and fed from one end, with phase shifts between them to pro-

duce scanning in the cross plane.

We were successful almost immediately in our study of novel leaky

wave antennas. Because of the results achieved, and the further promise

evident, we wrote in Quarterly Status Report No. 5: "...the studies so Q

far have turned out to be very productive, with several new antennas

emerging from them. Because of the success achieved already, and because

of the indications that additional antennas with different properties are

also possible, we feel that it is best for us to continue along these lines

rathe' than to diversify and explore other structures." In this context,

we discussed this matter with the contract's Scientific Program Officer,

Dr. Hans Steyskal, and he gave his approval for this change in'the stress,

and therefore in the scope, of this contzact's activities. Despite the

original title, therefore, this Final Report does not cover any lumped-

P element investigations, but describes the accomplishments in connection

with several new types of leaky wave antennas.

On the other hand, it should be noted that the original proposal ad-
dressed only theoretical investigations, and did not contain any experi-

mental phase. In the course of the studies on one of these new leaky wave

antennas, however, it became desirable to take measurements of the leakage

constant. Approval was also given by Dr. Steyskal to modify the scope of

the contract to add this experimental phase, since such measurements would

improve the content and quality of the scientific program. The need for

such measurements, and details regarding both the measurement method and

-2-

6,L'



the results of those measurements, ate contained in Part III, Section C,

of this Final Report.

Leaky wave antennas for the millimeter wave range face the two main

"problems mentioned earlier. The first relates to the small wavelengths

involved, which require small wavegulde dimensions and pose fabrication

difficulties. The second problem is higher metal loss; for antennas which

are many wavelengths long, the leakage (which results in radiation) may

compete with the intrinsic waveguide loss, and the antenna design can be

adversely affected. We overcome the first of these problems by considering

leaky wave structures with longitudinally-continuous apertures, and the

second by basing the antennas on low-loss waveguides. These are the two
principal features that characterize all of the new antennas discussed here,

Of the possible low-loss waveguides that have been proposed over the k .

years, we have selected two on which to base our new leaky wave antennas:
the groove guide and the nonradiative dielectric (NRD) guide. In order ,

to assist the reader who may not be familiar with the properties of these

two waveguides, we present in Sec. B of Part I some general remarks about

low-loss millimeter waveguides, and then some specific background on NRD

guide and groove guide and their relations to H guide.

A leaky wave antenna is basically an open waveguide possessing a

mechanism that permits a slow leakage of power along the length of the

waveguide. This slow leakage is characterized by a phase constant 8 and

a leakage constant a, and these quantities are the end products of any

analysis of a leaky wave structure. The relations between 0 and o and

the properties of an actual leaky wave antenna, such as the angle of maximum

radiation, the beam width, and the side lobe distribution, are standard.

For the convenience of the render, some general properties of leaky wave

antennas, and their relations to 8 and a, are summarized in Sec. C of
Part I. '-.
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Several different mechanisms have been introduced to produce the

necessary leakage. These mechanisms include asymmetry, foreshortening of

the structure, and leaky higher modes. The first two approaches apply

to antennas based on both the groove guide and Che NRD guide, but the

third one is suitable only for the groove guide. The polarizatiun of

the radiated fields can also be changed according to the mechanism se-

lected. Further details regarding these different mechanisms are pre-

sented in subsection 2 of this Introduction.

For each of the leaky structures analyzed, we have developed the

appropriate transverse equivalent network, and we have derived accurate,

yet closed-form, expressions for each constituent of the networks. As

a result, the dispersion relation for the propagation properties (a and , . ,

8) for each antenna is also obtained in closed form. Calculations were

then made which ohow that the antennas are feasible, and they also in-

dicate how the propagation properties depend on the frequency and on •

various geometric parameters. From this information, optimum designs

for each antenna type can be deduced.

Six different leaky wave antenna structures have been analyzed on

this program (four based on groove guide and two on NRD guide), but not

all have received equal treatment in depth. The two which have received

the greatest attention have been the asymmetric strip antenna based on

groove guide and the foreshortened-top antenna using NRD guide. Complete

analyses have been obtained for all six structures, however, and deri-

vations as well as some numerical data are presented here for each.

This Final Report is divided into three parts, as mey be seen from

the Table of Contents. Part I is devoted to introductory remarks, such

"as those above, and some background material to place the studies in better

perspective. Comments were made above with respect to Secs. B and C of

"Part I. Also included in Part I is Sec. D, which is of a different nature.

As the first stage in the analysis of the asymmetric strip antenna based

"on groove guide, we found it desirable to obtain an improved solution for

-4-
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the properties of the dominant (bound) mode of groove guide. That solu-

tion was later incorporated into the transverse equivalent network for

the asymmetric strip antenna. That early study on this program was very

thorough and very successful, and it consti :es a contribution in its own

right. A 5hort version of that work appear,., in a symposium digest, and

a longer version has been accepted for publication. Since this work repre-

sents an accomplishment on this program, it must be included here, but ,

since it is not directly an antenna study (although it underlies it) it is

placed into Part I. Actually, the short version appears as Sec. D, and

the longer paper constitutes Appendix A.

Parts 11 and III are devoted to the various leaky wave antennas based

on groove guide and on NRD guide, respectively. The order of the presen-

tations and the detailed listings of the contents are presented both in

the overall Table of Contents and in the partial ones appearing at the

beginning of each part. We shall not repeat them Lore. As an aid to the

reader, however, summaries are presented at the beginnings of Parts 1I and

III, indicating what is included and what is important. Further summaries,

containing increased levels of detail, are to be found at the beginning of

each section. It is recommended that these summaries be read first to

obtain a good idea of the overall effort and to learn where to look for

what.

Earlier on this contract, an Interlm Scientific Report was issued, and

a comprehensive report was submitted on the new asymmetric strip leaky wave

antenna based on groove guide. Since this latter report has not yet appeared,

it is included in this Final Report as Appendix B. It is included here for

two reasons: first, for completeness, and, second, because heavy reference

is made to portions of it in connection with other, later &tudies, and this

material would otherwise need to be repeated,

The various investigations on this contract have also resulted in a

number of publications and presentations at professional society meetings,

with short papers appearing in the proceedings or digests associated with
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those meetings. In many cases those short papers represent excellent

introductions to the work and summaries of the rcaults obtained. Because

of their utility in this connection, use has been made here of such short

papers, and they have been incorporated in context in Parts II and III.

Five such short papers are included, two in Sec. A, 1 and two in Sec. B, 1

of Part II, and one in Sec. A, 1 of Part 1II. A complete list of the

publications and presentations appears in subsection 3 of this Introduction.

The author of this Final Report has been the Principal Investigator

of this program. General technical assistance has been provided by

Prof. S. T. Peng, and detailed contributions have been made by Dr. P.

Lampariello, now an Associate Professor at the University of Rome, Italy,

and previously a NATO Postdoctoial Fellow who spent a year with us at the

Polytechnic Institute of New York, Dr. A. Sanchez, a Ph.D. student who

received his doctorate in June 1983, and Mr. Q. Han, another student.

Dr. Lampariello contributed to the various antennas based on groove guide

contained in Part 11, and Dr. Sanchez conducted the theoretical analyses

for the foreshortened-top antenna described in Part Ill (and most of these

analyses were incorporated into his Ph.D. thesis), and Mr. Han performed

the measurements discussed in Part I11., i

2. Mechanisms Used to Produce Leakage

Several different mechanisms have been introduced to produce the

required leakage from the waveguide mode that is ordinarily purely bound.

In all cases, however, these mechanisms involve continuous apertures, making

the antennas relatively simple to fabricate.

One mechanism, that was employed for antennas based on both the groove

guide and the NRD guide. is asymmetry. Many open waveguides have modes that
are purely bound when the structure is symmetrical; the introduction of
asymmetry produces mode conversion to another mode that then leaks power

away. This concept was first employed, to my knowledge, by W. Rotman in

-6-



his invention of the asyetetric trough guide antenna (1] in the late 1950's.

The revival here of that concept was made first to the asymmetric strip

leaky wave antenna based on groove guide. That antenna was analyzed in
great detail, and the results are contained in Sec. A of Part 11. An ..

asymmetric leaky wave structure in NRD guide was analyzed only late in the

"contract period, but results for it are presented in Sec. D of Part ,II.

It is to be stressed that many different means may be used to produce the

leakage, and that the specific structures discussed here were selected lu

part because they were amenable to closed-form analysis. A second example

of an asymmetric struc .re based on groove guide is the very simple one

treated in Sacs. C and D of Part 11, obtained by bisecting the basic groove

guide vertically, and a third example also presented in Sec. C, is a

modification of that structure employing added strips in order to increase

the leakage constant.

A second mechanism involves foreshortening part of the guiding struc-

ture to permit an evanescent field to see free apace before the field de-

cays to negligible values. This mechanism was examined in great detail in

connection with an antenna based on NRD guide, and discussed thoroughly in

Secs. A, B and C of Part 111. Section A describes the antenna and presents

the derivations in the analyses, Sec. B presents two different perturbation

procedures which simplify the analysis, and Sec. C. contains the results

of measurements (which agreed very well with our theory), This same mechan-

ism can be employed with groove guide, but we did not pursue it there be-

cause it would not yield something basically different.

A third mechanism, that was relevant to groove guide, is based on the

fact that higher modes in groove guide are leaky. We prove this statement,

and derive expressions for leaky structures based on the first higher odd

mode and then the first higher even mode. These analyses are described

in Sec. B of Part I1.
%',

Different mechanisms can also lead to different polarizations for the

radiated fields. The asymmetry mechanism, because of the mode conrersion

"7-
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to a TEM-like mode, results in horizontal polarization. The mechanism based

on foreshortening maintains the polarization of the exciting mode, which

here implies vertical polarization, whether for groove guide or NRD guide.

The leaky higher mode mechanism for groove guide results in vertical pola-

rization for the first higher odd mode and horizontal polarization for the

first higher even mode.

3. List of Publications and Presentations

This list is arranged chronologically.

1. P. Lamparlello and A. A. OlIner, "A Novel Leaky-Wave Antenna for MiU-
imewter Waves Based on Lhe Groove Guide," Dnest oe I, E InternationalrSymposium on Antennas and Propagation, pp. 852.655 Albuquerque, ;r

N31(MA, 1 4-282 ). 82).
2. A. AL eipaer and P. Lampa. ello, "Theory and Desiyn ConsMderstions for Sya

Ncw Mallimeter-Wave Leaky Groove Guide Antenna,.l PrMe. enoh Euro.g-
pein Microwave Conference, pp. 3 t7-371, Helsinki, Finland (September13-17, 1982).re

3. P. Lampa&ello and A. A. Ollner, "Bound end Leaky Modes In Symmetrl- .
cal Op~en Groove Guide," Prec. Fourth Nat~onal Meesing on Electromag-
netlc Applications, pp. 217-220, Florence, Italy (October 4-0, 1982).

4. A. A. Oliner and P. Lampariello, "A Novel Leaky-Wave Antenna for Mil-
limetre Waves Based on the Groove Guide," Electronics Letters, Vol. 18,
No. 25/28, pp. 1103-1108 (December 0, 1082).

5. P. Lamparlello and A. A. Ollner, "Theory and Design Considerations for a
New MlIllmetre-Wave -Leaky Groove Guide Antenna," Electronics
Letters, Vol. 19, No. 1, pp. 18-20 (January 0, 1063).

8. A. A. Oliner and P. Lamparlello, "Leaky Modes of Symmetrical Groove
Guide," Digess of IEEE International Microwave Symposium, pp. 390-
392, Boston, MA. (May 31 - June 3, 1983).

7. P. Lamparlello and A. A. Oliner, "Bound and Leaky Modes In Symmetri-
cal Open Groove Guide," AIta Frequensa, Vol. 62, No. 3, pp. 184-108
(May-June 1083).

8. A. Sanchez and A. A. Oliner, "Accurate Theory for a New Leaky-Wave
Antenna, for Millimeter Waves Using Nonradlatlve Dielectric Wavegulde,"
Proc. URSI International Symposium on Electromagnetic Theory, pp.
397-400, Santiago do Compostela, Spain (August 23-26, 1983).
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9. P. tLampariello and A. A.Oiner, "The Leaky Mode Spectrum of Groove
Guide," Proc. URSI International Symposium on Electromagnetic Theory,
pp. 545-548, Santiago de Compostela, Spain (August 23-28, 1982).

10. A. A. Oliner and P. Lamparlello, "Simple and Accurate Expresslon for the
Dominant Mode Properties of Open Groove Guide," DI&est of MEE
International Microwave Symposium, pp. 52-84, San Francisco, CA. (May
30- June 1, 1984).

11. A. S•uchez and A. A. Oliner, "Microwave Network Analysis of a Leaky-
Wave Structure In Non-radiative Dielectric Wavegulde," Digest of IEEE,.•.
International Microwave Symposium, pp, 118-120, San Francisco, CA.
(May 30- June 1, 1Q84).

12. A. Sanchez and A. A. OlIner, "Accurate Theory for a New Leaky-Wave
Antenna for Millimeter Waves Using NonradlatIve Dielectric Wavegulde,"
Radio Science, accepted for publicatlon. ..

13. A. A. Oliner and P. Lampariello. "The Dominant Mode Properties of
Open Groove Guide .An Improved Solution," Trans. IEEE on Microwave
Theory Tech., accepted for publication.
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B. LOW-LOSS WAVEGUIDES

1. General Remarks

About 25 years ago1 the advantages of millimeter waves began to be
understood, and serious attention was paid for a few years to means for

overcoming the new challenges that these higher frequencies had posed.

One of these challenges related to waveguiding structures. It was recog-

nized that coaxial or rectangular wavesuide would have appreciable loss

at these higher frequencies, and thought was given to devising new wave-

guides with lower loss, particularly in connection-with long runs of wave-
Snide. Several new waveguiding structures were invented durin$ this period

in response to this challenge, and amtng these were the H guide and the
OW I groove guide.

After a few years, interest in these new waveguides declined, in part

because practical sources of millimeter wave power were not available, and

in part because there were no real needs yet for these smaller wavelengths.

Within the past decade, however, sources have become plentiful, and needs

have multiplied. There is great interest today in millimeter waves, and

attention has again been paid to new types of waveguide.

The primar, drive now with respect to these waveguides is not long

runs of them, however, but their utility and ease of fabrication with re-

spect to building components, particularly in an integrated circuit sense.
Some of these waveguides, such as microstrip line and finline, are in fact

not low-loss guides at all, but they satisfy these component needs. Most
components are short, having lengths only of the order of a wavelength, so
that the loss in the line exerts only a small effect on the component's

performance. For leaky wave antennas, however, which may typically be
20 X° to 100 X in length, where X is the free space wavelength, the
intrinsic loss in the waveguide, due to the losses in the metal walls or
the dielectric medium, can be comparable to the leakage loss and therefore
compete with it, distorting the antenna performance. The problem is par-

ticularly severe for antennas with narrow beams, since then a long aperture

-10-



is required, and the leakage per unit length (which produces the radiation)
must be kept small.

For leaky wave antennas, therefore, it is necessary to concentrate

on low-los waveguidem. (We recognize, of course, that leaky wave antennas

are comprised of waveguides that are perturbed to produce continuous leakage

of power along their lengths.) A common characteristic of many low-loss

waveguides is that the electric field of the mode that is used is main-

tained parallel to the waveguide walls almost everywhere. The reason for

this field orientation is that the metal wall losses decrease as the fre-

quency is increased if the electric field is parallel to the walls, but in-

crease with increasing frequency if the electric field is perpendicular to

the walls. The two low-lose waveguides on which leaky wave antennas have

been based in this study are the groove guide and the nonradiative dielec-

trio (NRD) guide, which is a recent variant of H guide. In both of those

waveguides, the electric field is purposely polarized parallel to the

waveguide walls for the above reason.

These two waveguides will be described below in more detail, but

it should be mentVoned here that both waveguides are outgrowths of the

R guide originally devised and discussed by F. Tischer. The groove guide

was invented by T. Nakahara as a means to overcome the dielectric lose in

i guide without increasing its metal wall loss appreciably, and its field

confinement behavior strongly resembles that of H guide. NRD guide was

proposed by T. Yoneyama end S. Nishida, and it is similar to H guide ex-

capt for the plate spacing, which is made less than a half wavelength to

eliminate radiation from discontinuities. Fuller explanations of theme

points are made in context below.

2. N1D Guide

Although this study began with an analysis of groove guide, and in

fact Part IT deals with leaky wave antennas based on groove guide, we

shall here consider NRD guide next because it is 80 closely related to

•, 11-



H guide, and, as mentioned above, both NRD and groove guide were basically

outgrowths of H guide. We begin, therefore, with a summary of the proper-

ties of H guide.

The cross section of the basic form of H guide is shown on the
left side of Fig. i.i. It is seen to consist of two vertical metal walls,
with a thin dielectric strip placed between them, The electric field

orientation is vertical, so that it is almost everywhere parallel to the
metal walls. The function of the dielectric strip is to concentrate the
field vertically, so that the field in the air regions above and below the

dielectric strip is evanescent vertically away from the strip. The field

distribution is reminiscent of that of the TE10 mode in rectangular wave-
guide, in which the electric field is vertical, and the variation h 'izon-

tally is sinusoidal. Although the presence of the dielectric stri; intro-
duces additional field components so that the mode becomes hybrid in the
longitudinal direction, the vertical field is still a dominant feature,
The guide structure looks like a rectangular waveguide loaded in the

middle with dielectric, and without its top and bottom walls since they

are no longer needed because the fields are now vertically evanescent in

the air regions.

The purpose of this structure was to eliminate all metal walls at

which electric fields could terminate perpendicular to the walls. Thus,

the top and bottom walls of rectangular waveguide were removed, and the
dielectric strip was introduced to confine the field vertically. As
mentioned above, the metal, losses increase with increasing frequency when

the electric field lines are perpendicular to the metal walls. From the

standpoint of metal losses, therefore, H guide is still useful at the

high frequency end of the millimeter wave range. At this end, however, the

dielectric losses become more significant, and groove guide was proposed

as a way out of this predicament.

In this section, however, we are concerned with what N3D guide
is and how it differs from H guide. The cross section of NRD (nonradiativa

dielectric) waveguide is shown on the right side of Fig. 1.1. It is seen

- 12 -
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a hard to build components *easy to build components

H Guide NRD Guide

Fig. 1.1. Comparisons between H guide and NRD
(nonradiative dielectric) guide f
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to be identical with H guide except that the spacing between the metal

plates is less than one half free space wavelength in contrast to H guide,
where the spacing is deliberately made greater than half a wavelength to

further decrease the wall losses. This seemingly trivial modification

makes an enormous practical difference. (It is of passing interest that
both T. Yoneyama, one of the original proposers of NRD guide, and JA°G.A
Malherbe, who claims to have independently invented it but did not publish
in time, told me at the 1984 International Microwave Symposium fn San
Francisco that they had devised the NRD guide by some totally different
route, and only afterwards realized its simple relation to H guide.)

H guide was originally conceived to be useful for long runs of guide,

so the objective would be to achieve as low an attenuation as possible.
For this reason, the spacing between the plates was made wide, certainly
greater than a half a wavelength. As long as the guide was uniform and

straight, the dominant mode was purely bound no matter what the plate

spaQing was, but any discontinuity present, such as a bump or some Junc-

tion connected with a component, even if it maintained the required

symmetry, could excite the first higher mode between parallel plates.
When the plate spacing is greater than. half a free space wavelength, this N

first higher mode is above cutoff, so that power can leak away from the
.. IH guide by means of this parallel plate mode. Because of this feature,

it was difficult to build components in H guide, and that guide type was

deemed impractical (except for long runs). ,

ST. Yoneyama and S. Nishida [2) of Tohoku University in Japan proposedP.

that the plate spacing in H Suide be reduced to less than a half wave-
*• length so that the first higher mode in parallel plate guide would remain

below cutoff. In that way, all Junctions or other discontinuities that
* maintained the symmetry of the dominant mode would be reactive and the

radiation problem faced by H guide would be eliminated. Components could
then be constructed readily, and the guide would become practical. Al-

though the structural change is simple, the practical implications of it

are so widespread that the authors felt it best to give the guide a new

name: NRD guide.

-14-
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Soon thereafter, Yoneyama and Nishida quickly and easi'y built a

variety of components [31, paralleling structures common in microstrip line,

and demonstrating that these components could be arranged in integrated

circuit fashion. A page from one of their earlier papers [3] is repro- 4ý"

duced here as Fig. 1.2, showing how simple it is to build such components

as filters and ring resonators. Since that time (late 1981), they built

and analyzed many other components, such as bends [4], couplers (5],

more filters (61, etc..

To our knowledge, no antennas have been designed that are based on

NRD guide. Our study, described in detail in Part 111, is the first in

this direction.

3. Groove Guide

Groove guide was invented by T. Nakahara [7) as a way to overcome the

dielectric loss in H guide without significantly affecting the metal

losses. The waveguide is shown in Fig. 1.3, and is seen to consist only

of metal. Instead of the dielectric in H guide, the center region of

groove guide is made wider than the upper and lower outer regions. The

fields in the vertical: direction then have a trigonometric dependence in

the grooved region, but are exponentially decaying (evanescent) in the

narrower regions above and below. The fields are therefore confined to
the central grooved region in a manner similar to those in the central

dielectric region of R guide.

A sketch of the electric field lines in the cross section of groove

guide, and an approximate plot of the vertical component of the electric

field, consistent with the discussion above, are shown in Figs. 1.4 (a)

and (b).

The dominant mode in groove guide is seen from Fig. 1.3 to be an

even closer relative to the TE 1 o mode in rectangular waveguide than the

-15-
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resonators can be constructed simply in NRD guide.
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H guide is. The groove guide indeed looks like rectangular waveguide

without most of its top and bottom walls; since the fields are evanescent
above and below the central grooved region, we may say that the top and

bottom metal walls have been replaced by reactive walls. The electric

field is also primarily vertical for the groove guide, as sketched in

Fig. 1.4(a), but the mode is not hybrid in the longitudinal direction

as it was in H guide.

The top and bottom of groolre guide are still primarily open, so$ that the electric field is still essentially parallel to the side walls,

, resulting in lower loss at the higher frequencies. However, one does not

get something for nothing; the elimination of the dielectric losses was
obtained at the expense of small sections of metal walls (in the central

grooved section) that are perpendicular to the electric field. Those small

sections contribute terms to the metal losses that increase with frequency. .-. ,

Hence, no guide is perfect as regards attenuation at the higher frequencies,

although groove guide does rather well in this connection, with the metal

losses first decreasing and eventually increasing as the frequency con-

tinues to be increased.

After Nakahara returned to Japan, he continued to explore the proper-

ties of open groove guide [8,9] with N. Kurauchi, and a bit later H.
Shigesawa and K. Takiyama (10,111 of Japan studied the closed groove guide,

where the top and bottom ends were closed off by metal plates. Following

Nakahara's original work, independent nv, stigations were conducted in

the U.S.A. by F. J. Tischer [12] and by J.W.E. Griemsmann [13], and later

by N. Y. Yee and N. F. Audeh [14). Interest in the groove guide then

declined for a few years, along with the millimeter wave field as a whole,

but then, in the mid 1910's, it was revived and developed further by

D. J. Harris and colleagues [15,161 in Great Britain (Wales). Harris at

first studied various basic -operties, mor.Ly experimentally, but later

he concentrated on the feasibility of certain basic components for groove

guide. Other recent work included that of J. Meissner, who investigated Ib

the coupling [17] between groove guides, and the radiation losses of

bends [181.

-18-
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The investigations on this contract, presented in detail in Part II,

represent the first contributions to antennas based on the groove guide.,!•'.

C. SOME GENERAL PROPERTIES OF LEAKY WAVE ANTEN4NAS

A leaky wave antenna is basically an open waveguide possessing a
mechanism which permits a slow leakage of power along the length of the
waveguide. The leaky wave that exists at the opening along the length
of the waveguide provides the aperture field distribution of the
antenna, and the length of the waveguide over which the leaky wave Qon-
tains significant power defines the antenna aperture length. It is cus-.
tomary to retain a length for which 90% or 95% of the power can leak
away; the remaining 10% or 5% is absorbed in a load placed at the end of.
the waveguide.

The rate of leakage per unit length along the waveguide is given by
the attenuation constant a of the complex propagation constant k (=--ja)

z
of the leaking waveguide mode. If the value of a is small, the antenna
aperture will be long, and the far field radiation pattern will possess
a narrow beam. If a is large, the power is radiated more rapidly along
the antenna length and a wider radiated beam will be obtained.

The design of a leaky wave antenna proceeds by first specifying the
desired performance characteristics of the antenna: the angle of maximum
radiation, the beam width, and the side lobe properties. The angle 6

that the maximum of the main beam makes with the normal to the antenna

aperture (broadside direction) 'a given approximately by

sin 6 / - /X(1.1)
g 9

where 0 is the phase constant of the complex propagation constant k .U. zThe beam width &a is related linearly to the reciprocal of the aperture
length L, and a rule of thutwb for Ae is

1. (1.2

Relation (.1.1) above is stummarizedi pictorially in Fig. 1.5.

For the 3ide lobe properties, it is well known that the antenna
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Fig. 1.5 Pictorial representation for sin a -- g$/k, where ir is the angle that
the maximum of the radiated beam makes with the normal to the antenna
aperture surface, and 0 is the phase constant of the leaky wave that
travels along thc aperture surface.

aperture distribution must be taper• d in a specified fashion in order to
C' acnieve the desired side lobe requirements. The necessary tapers

corresponding to various side lobe specifications appear in standard
antenna texts. When the aperture distribution is tapered, relation(l.2)
for thu beam width is affected somewhat numerically, but not more than
125% depending on the taper, s0 that (l.2} remains a useful and reason-
ably accurate indication of the beam width.

When the geometry of the waveguide is uniform alone its length, the
aperture distribution consists of a slow exponential decay. To produce
the taper needed for the side lobe requirements, it is necessary to vary
the a of the waveguide'along the length L, and therefore to vary the
transve.,se dimensions in some fashion along the waveguide length. The
phase constant 8 is maintained Constant along the lenSth so that all
parts of' the antenna aperture radiate at the same angle em. The rela-
tion between a(z), where z is the longitudinal coordinate, and the
deired taper along z of the antenna aperture distribution is also

available in the literature.
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The dispersion relations for the leaky structures yield the values
of a and 5 corresponding to specific geometrical parameters in the cross V

section. That relation must be used in a specific design to produce the

. (z) needed while maintaining S(z) constant. Part of the design consid-

erations to be discussed in this Final Report are aimed at recommending

which geometrical parameter or parameters should be varied to change -L

but not 8

The analyses in this -report discuss the behavior of the leaky struc-

tures when the cross section is maintained constant, and they stress

the variation of B and Ot with frequency and with various dimensional

parameters. If we assume, as is common, that the antenna aperture of A.

length L radiates 90% of the power (with the remaining 10% absorbed by .,'

a load), then the power level at the end of the antenna aperture is
10 dB down from its value at the beginning. In the numerical values i.•

that follow, we shall present the a value in the form a/k in nepers., so

that the value of a in dB per wavelength is 2V(8.686)(OL/k) - 54.6 (a/k).

The antenna length L in free space wavelengths is then approximately

L, .. 0 1 - 0.18,. .+'

T 57 7 - (1.3)

The precise value of L will depend on how the aperture distribution

is tapered. If the percentage of power radiated is different from 90%,

the length L in (1.3) will differ somewhat numerically, but may be

readily computed.

In summary, the values of B/k and a/k that are presented in this re-

port permit us to determine readily the values e from (1.1), the aper-

ture length L from (1.3), and the beamwidth &e from (1.2).

'4 -21-
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D. IMROVED SOLUTION FOR THE DOMINANT MODE OF OPEN GROOVE GUIDE

It was mentioned in the Introduction (Sec. A, 1) that an improved

solution was derived for the properties of the dominant mode in groove I.

guide. Although this investigation was motivated by the need for a
better solution for use in the transverse equivalent network of the

asymmetric strip leaky wave antenna, discussed in Sec. A of Part I1,
it represented a complete and thorough investigation on its own, and
is of interest in its own right. The improved solution is notable in that

it is compact, simple, accurate, has all its elements in closed form,

and yields better agreement with measurements than any previous solution. kv.,

A talk on this new solution was presented tecently at the IEEE

International Microwave Symposium, held at San Francisco, CA, on

May 30-June 1, 1984. The title and authors of this talk are: "Simple -

and Accurate Expression for the Dominant Mode Properties of Open Groove

Guide," by A. A. Oliner and P. Lampariello. A short paper summarizing

the study appeared in the Digest of that symposium on pp. 62-64, and it

is reproduced here in this section. '

In addition, a more complete version was written up to be issued as

a report on this contract. After it was ready, it was recommended that ,. 'V *i

it should be issued as a paper rather than a report, and it was subse-

quently sent to the IEEE MTT Transactions. It has been accepted for

publication, but since it is not yet available either as a report or a

paper it is included here as Appendix A. The title and authors are:
"The Dominant Mode Properties of Open Groove Guide: An improved Solution,"

by A. A. Oliner and P. Lampariello.
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Summary of Principal Features

SIMPLE AND ACCURATE EXPRESSION FOR THE %..

DOMINANT MODE PROPERTIES OF OPEN GROOVE GUIDE

y. by A. A. Oliner and P. Lampariello
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SIMPLE AND ACCURATE EXPRESSION FOR THE DOMINANT MODE
PROPERTIES OF OPEN GROOVE GUIDE

A. A. Oliner' and P. LamparielUo
*Polytechnic Institute of[ Now York L'' ,

Brooklyn, New York 11201
*Universital di Rome. "La Sapienza"

00184 Rome, Italy
and a feed rectangular waveguide. Furthermore,

"Groove guide, one of several low-loss wave- if symmetry is maintained, many components can
guides proposed some years ago for use at milli- be designed for groove guide which are analogues
meter wavelengths, is again receiving attention in of those in rectangular guide.
the literature. A new transverse equivalent net-
work and dispersion relation for the properties of The greater width In the middle, or central,
the dominant mode are presented here which are region was shown by T. Nakahara ( 3-5], the in-
extremely simple in form and yet very accurate. venter of groove guide, to serve as the mechanism
Comparisons with accurate published measure- that confines the field in the vertical direction,
ments indicate better agreement with this new much as# the dielectric central region does In H
theory than with any previous theory, guide, The field thus decays exponentially away

fromn the central region in the narrower regionsA. INTRODUCTION above and below, as shown in Fig. Z(b). If the%
.,arrower regions are sufficiently long, it does not

Groove guide is one o s a group of low-loss matter if they remain open or are closed off at thewavegulding structures proposed some yearm ago ends,
for use at millimeter wavelengths. Results for
"the propagation characteristics of the dominant The theoretical approach to the propagation
mode in groove guide have been published pro- constant of the do -inanet mode taken by most of
viously. There exist theoretical expressions the previous investigators has been to produce
which are simple but approximate, more accurate a first-order result by taking only the dominant
expressions which involve infinite sums and are transverse mode in each region of the cross see.
messy to compute from, and careful measured tion, and then obtaining the dispersion relation o%
results. We present here a now el!j ession for use of the transverse resonance condition,. That
the propagation constant of greeve guide, which it procedure, which neglects the presence of all
very accurate. yvt in closed form and simple. The higher transverse modes, is equivalent to aciount-
microwave network approach used in the derivation ing for the step junction between the central and
of the new expression is summarized, and then outer regions by employing a transformer only,comparisons are made with previously published and by ignoring the junction susceptance entirely,
theoretical and experimental results. It will be With that approximation, a simple dispersion re-
seen that the new expression provides excellent lateon is obtained, which produces reasonably good
atement ith measurement, and In fact r agreement with measured data when the step dln-
agreement than with any previous theoretical data. continuity Is sn-all. More accurate theoretical

phrasings were presented .n some references by
The motivation for obtaining an improved ex- accounting for the susceptance by taking an infinit

preasion for the propagation constant of groove number of higher modes on each side of the step
guide, and in the process a transverse equivalent Junction and then mode matching at the junction. !
network which im simple and whose constituents The resulting expressions involve matrices which?
are all In closed form, Is that groove guide ap- even after the necessary truncation, are messy to
pears to be an excellent low-loss waveguide upon compute from. When only one or two higher modes
which can be based a number of novel leaky-wave are included, the improvement in accuracy to
antennas for the millimeter wavelength range, quite small and the added complexity in calculatiou
The results of this paper then form an important is substantial.
step in the analysis of such antennas. One antefn-
"na in this class has been described recently [ 1, 21. The approach in this paper is to establish a6

Sproper transverse equivalent network, Identify
The cross section of groove guide is shown the appropriate transverse mode (which is hybrid),

in Fig. 1, and an indication of the dominant mode obtain an accurate expression in closed form for
electric field linen present in its cross section is the step junction susceptance, and then apply the
given in Fig. Z(a). One should first note that the transverse resonance condition to the now-complete
structure resembles that of rectangular waveguide transverse equivalent network, which yields the
with mr•s o1 its top and bottom walls removed, relevant dispersion relation for the propagation
The groove guide cum therefore be excited by constant. This dispersion relation is simple, in
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closed form, and very accurate, as demonctrated literature. By a simple additional step, however,
by comparison with measured datafrom references we can adapt an available, but not widely known,

4and 5. result to our discontinuity of interest.

B. THE TRANSVERSE EQUIVALENT NETWORK The available result is a symmetric discon-
tin~tity which is contained in Vol. 8 of the MIT

The complete transverse equivalent network Radiation Laboratory Series [ 71 and is presented
for the groove guide is derived by starting with a there as an illustration of how Babinetts principle
proper phrasing of the problem and then by putting may be used creatively. That result, combinedtogether all the constituent elements. The *soon- with appropriate stored power considerations, per- .,"

tial now constituent in the transverse equivalent mite us to obtain the following result for the step
network is a simple closed form expressionfor the junction discontinuity susceptance.
step junction susceptance.

To begin with, however, we must identify the Y a 0. 55 ky cot 21 (3)7y"

correct mode in the y direction (see Fig. 2). We 01ot
first note that with respect to the z (longitudinal) The resulti-g transverse equivalent network
direction the overall guided mode is a T•. (or H) becomes that shown in Fig. 3, where bisection
mode; that is, there exists only a component of has been employed, and where the network has
H in the a direction. This result Is to ha eXo been placed horizontally for convenience. The ex-
peeted since the groove guide consists of a per- pressions for parameters B, n and Y0 (and there-
fectly conducting outer structure filled with only fore Y') are givan respectively by (3), (2), and
a single dielectric material (air). In the V direc- (1). The form of the network and the expressions
tion, however, there exist both E and H com-ponents, so that the mode is hybrid In thai't direc- for its constituents are seen to boeminentlysimple,

ts and Vet they charActerize the structure very acc- ,'
tion. rately.

Since the groove guide is uniform in the 5 Once the network in Fig. 3 becomes available,
direction, and its field has only an H* component, the determination of the dispersion relation for the
theybrid mode in the y direction is seen to be lowest mode becomes an Xsentlally trivial taskwhat is called by some an I-l-type mode with re- lws oebcmsa eetal rva ak

hact is caled by someon and 1type mother, wh •e- By applying the transverse resonance condition,
spect to the z direction, anid by others an LSEweoti
mode with respect to the z direction. We prefer we obtain
the former notation, and we s h~~dsg ate the i ' ~ ~

• in the y direction as an H -tvve mode# coky 'T-+ + k 0.55 cot (4)
S.0huler and Goldstone[61 4dscus s-umodes n IJkI
in detail and present the field components for
them and the characteristic admittances for trans- The early first-order solution derived byvari-
mission lines representative of them. For this ous authors corresponds precisely to the first two
mode, we find that the characteristic admirttance terms in (4). The third term in (4) represents a
is given by particularly simple and convenient way to take into

k- k account tha influence of all the higher modes, which
Yo - y (.) the dirt-order solution admittedly neglects.

Wky
C. NUMERICAL RESULTS: COMPARISON WITH ,

where k is the propagation constant of the trans- MEASUREMENTS
mission line. ',

"We nextverity the accurac of these new thee- '"

The step junction is a losaless asymmetric retical results, as embodied in 7ispersion relation •
discontinuity, Aind it therefore requires three real (4) and the simple transverse equivalent network
quantities for its characterization. It has been shown in Fig. 3. Toward this end, we present
found by experience, however, that for most situ.- now a comparison between our theoretical numbers
tions the network conveniently reduces to a shunt and the careful xx~erijental results of Nakahara
network comprised of a shunt susceptance B and and Hurauchi 14,5'(refierred to below as N-K).
a transformer with turns ratio a.

In Fig. 9 of reference 5 and Fig. 10 of refer-
"Employing the mode functions for the Ho- ence 4, N-K present the results of careful rna-_

type mode mentioned above, the turns ratio n can surennt• on a variety of groove guides. They
be derived in the usual manner to yield give the measured values of •c as a function of-

a' for groove guides of different cross sections.
?A and they show how these values compare with

n lz]curves obtained using first-order theory. All of4 .. those data, plus our theoretical numbers, are can;-
n a r (a(/a) tained in Figs. 4(a) and 4(b) presented here; the

first-order theory is represented by dashed lines,
our more accurate theory by solid lines, and thes- To our knowledge, an expression s or thehunt measured data as discrete points. The cross sec-s. usceptance for the step juinction subject to thetih orsndntoehseofurs e

"excitation shown in Fig. 2(a) is not available In the
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"shown as insets.

It is seen that our theoretical curves agree
very well with the measured values In almost all jy
cases. On the other hand, the first-order theo- - -
retical values are systematically somewhat be.- Ey(y)
low both our theory and the measured data. It ap- - *

pears, therefore, that the first-order theory re- ...

presents a rather good approximation, considering ro
its simplicity, and that the new theory using (4)
is indeed sionific ntly more accurate.

(a) (b)
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PART II. ANTENNAS BASED ON GROOVE GUIDE

A. THE ASYMMETRIC STRIP ANTENNA

1. Summary of Principal Features

2. Discussion of Comprehensive Report

B. THE LEAKY MODE SPECTRUM OF GROOVE GUIDE

1. Summary of Principal Features

2. Derivations for the n w 3 (Odd) Leaky Mode

(a) Wavenumber Considerations to Demonstrate Leakage
(b) The Mode Functions and the Field Components
(c) Turns Ratios for the Step Junction
(d) The Coupling Network at the Step Junction
(a) The Dispersion Relation

36 Derivations for the n - 2 (Even) Leaky Mode
(a) Wavenumber Considerations to Demonstrate Leakage
(b) The Mode Functions and the Field Components
(c) Turns Ratios for the Step Junction
(d) The Coupling Network at the Step Junction
(e) The Dispersion Relation

C. ANTENNAS BASED ON THE n - 2 LEAKY MODE

1. Antenna of Simple Configuration

2. Antenna with Added Strips
,.

D. ALTERNATIVE THEORETICAL APPROACR FOR THE

n - 2 LEAKY MODE ANTENNA

4'.
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II. ANTENNAS BASED ON GROOVE GUIDE

Two basic low-loss waveguides for millimeter waves were described in

Sec. B of Part I; they were both used in this study as the basis for new

types of leaky wave antennas for application to millimeter wavelengths.
The first of these waveguides is thu groove guide, and the various anten-

nas based on it that were analyaed and evaluated in this study are discussed

in this part of the Final Report.

Two different leakage mechanisms were employed in these antennas.

The first mechanism is asymmetry; the structure proposed and analyzed

based on this mechanism utilized an added anymmetric strip to produce the

controlled leakage. The second mechanism makes use of the fact that all
of the higher modes of groove guide are leak; only the dominant mode is

purely bound. New antennas become possible based on the n - 2 (even)

and n - 3 (odd) higher modes, and they radiate in different polarizations,

according to the basic mode.

The asymmetric strip antenna is the one that was analyzed in the
greatest detail, and on which we have the largest amount of numerical

performance data. The study of that structure also emerged with various

optimization considerations. Two short papers were written that aummarized

the principal features of this antenna; both appeared in Electronics
Letters. Just prior to their publication, two talks were presented at

professional society meetings on the same basic material; they were gil en
at the IEEE International Symposium on Antennas and Propagation at

Albuquerque, New Mexico, in May 1982, and at the European Microwave Con-

ferance at Helsinki, Finland, in September 1982. The first talk covered
the principles of operation of the antenna, and the second one stressed
the design considerations. The two short papers followed a similar format.

The studies on the asymmetric strip antenna are covered in Sec. A below.

In Sec. A, 1, we include the two short papers that appeared in Electronics

Letters, because they represent an excellent summary of the principal
features relating to the antenna, including the prin-iple of operation, the
transverse equivalent network, selected numerical results, and some remarks
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I.,

concerning dimensional optimization. Those papers contain no derivations,

however, and they omit many of the numerical results. Because there was

much more to present, a comprehensive report was written that contains much

additional informat-on. Since this comprehensive report has not as yet .

been issued by the Air Force, it is included in this Final Report as Appen-

dix B, so that it becomes available to those who wish to see it at this

time. In addition, we refer to its contents several times in connection

with some of the derivations presented below. A few remarks concerning

this comprehensive report are presented as Sec. A, 2.

The second mechanism that serves as a basis for groove-guide leaky

wave antennas, as indicated above, is that all higher modes on groove

guide are leaky. Although it was known that higher odd modes were leaky,

we showed that the leakage statement was also valid for higher even modes.

More important, however, is the fact that, before our studies, no analysis

had been made to determine the amount of the leakage. We derived appro-

priate transverse equivalent networks, and determined not only the amount

of the leakage but also some of its parametric dependences. These studies

on the leaky mode spectrum of groove guide are presented in Sec. B.

In Sec. B. 1, we include two short published papers on this topic that

surmnarize the most important features of this work. These papers contain

discussions on the physical basis for this higher-mode leakage, the trans-
verse equivalent networks, and some numerical results, together with a dis-,

cussion on why the curves of a and 8 as a function of frequency and di-

mensional aspect ratio behave physically as they do. The first of these

papers was published in Alta Frequenza in 1983, and the second appeared

in the Proceedings of the URSI Symposium on Electromagnetic Theory, held

in Spain in August, 1983. Their contents differ in the following way:

although there is clearly some overlap, the first paper treats only the

odd higher modes, comments on the dominant mode, and presents data as a

function of frequency. The second paper presents an oveiview, but is

concerned primarily with a comparison between the behaviors of the odd
and the even higher modes.
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Before these short papers appeared, two talks were given on their

contents. These talks were presented at the Fourth National Meeting on

Electromagnetic Applications at Florence, Italy, in October 1982, and at

the IEEE International Microwave Symposium at Boston, Mass., in June 1983.

The first of these talks led to the above-mentioned paper in Alta Frequenza,

and the second constituted an overview comparing the properties of the odd

and even higher modes.

The derivations of the expressions for the constituents of the trans-

verse equivalent networks are not included in these paper or talks, because

of the limited space and time available. They are therefore presented here

* in Secs. B, 2 and B, 3 for the n - 3 and n -2 leaky higher modes,

respectively.

The mid-plane of the groove guide for the n * 2 higher mode is an

electric wall, from symmetry. By bisecting that structure, and placing

a metal wall at the mid-plane, we obtain an asymmetric antenna of simple

cross section. It is interesting that this latter structure can be viewed

as leaky either because of asymmetry or because the field distribution

is that of the first higher even mode, which is leaky. Either way, the

structure is an interesting candidate for a millimeter wave leaky wave

antenna because of its simplicity. Comments on the performance of this

structure, and its limitations, appear in Sec. C, 1. The principal limi-

tation is that its leakage constant is lower than that found for the other

antennas.

For this reason, small strips were added at the sites of the step

junctions in the cross section. This modified structure was analyzed;

a higher leakage constant is obtained, of course, but at the expense of

some added fabricat:ion difficulty. In Sec. C, 2, we present the modified

structure, the derivation for its properties, some numerical values for a

and 0, and suggestions regarding its fabrication.

The calculations in Sec. C, I also indicate that for maximum radiation
the cross section dimensions resembled a small tee stub on a vertical guide.

- 33-
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Our theory is probably no longer accurate in that range of groove dimen- ';.

sions, so that these numerical results may no longer be reliable. It was

therefore necessary to view the structure differently, and to derive a newtheoretical result. 
'""

This new theoretical approach is discussed in Sec. D. The structure

was viewed as a tee stub on a parallel plate guide, rather than aL a modi-

fied groove guide, in this range of dimensions. A transverse equivalent i3

network was derived consistent with this point of view, and expressions
for its parameters were obtained. Numerical values for the leakage con- K.
stant obtained via this approach were substantially larger than those

obtained previously. *-.

This transverse equivalent network is valid in the horizontal direc- I.A

tion, whereas that for the groove guide approach applied to the vertical

direction. The theories are therefore totally different, both in appear-

ance and in substance. The derivations involved in this new approach are

described in Sec. D, 1, and the numerical results, together with a dis-

cusuion of their limitations, are contained in See., D, 2. Recommendations

for future work are also included there.

.2
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A. THE ASYMMETRIC STRIP ANTENNA

As indicated above, the studies conducted on this antenna have been
K sumimarized in two short papers, described in two talks at professional

society meetings,, and written up in substantial detail in a comprehensive ''

"report. The two short papers, both of which appeared in Electronics

Letters, represent an excellent summary of the antenna's principal features.

For this reason, they are reproduced here in Sec. A, 1. The first paper

presents the structure of the antenna, its principle of operation, and a

typical set of numerical results as regards dimensions and antenna per-
formance. The second paper summarizes the transverse resonance analysis,

including the transverse equivalent network, and then discusses design
considerations in the context of some numerical results.

The comprehensive report, which contains much more information, in-

cluding derivations and additional numerical results, is reproduced as

Appendix B, but is discussed briefly in Sec. A, 2.

A,
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1. Summary of Principal. Features-

(a) NOVEL LEAKY--WAVE ANTENNA FOR MILLIMETRE

WAVEC BASED ON G!ýOOVE GUIDE

by A. A. Oliter anid P. Lampariello

(b) THEORY AND DESIGN CONSID)ERATIONS FOR A

NEW MILLIMETRE-WAVE LEAKY GROOVE-GUIDE

ANTENNA

by P. Lampariello and A. A. Oliner
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NOVEL LEAKY-WAVE ANTENNA FOR Fl-guide. The field thus decays exponentially away from thet'X
MILLIMETRE WAVES BASED ON GROOVE central region in the narrower regions above und below, If the
GUIDE narrower regions are suflciuntly long, it does not matter if

they remain open or are closed off at the ends.
Work on the Sroo-c' guide progressed in Japan25 and the

Inde~xing t rrnis. 4piteinds. Leal.'3'wusve arntennas, twillimetre United States"' until the middle 1960s, but then stopped a
ware's. 6iruoi,'quide until it was re-iived and developed further by 13. 31. Harris and

A n~ tye o Iekv-w~e ntenawit a 'impe ogslol- his colleagues in Wales (sue, for example, Rcfcrences / And 8),
natty continuous configuratio~n, is described,. The Antenna is To our knowledge, the present letter represunts the lirt con-
haed (in the groove gliide. a tow-toss waveguide for milli- truont teno bedothgooewvud.

mctre aaes.Operauingv principle otinew le~akv-wttue antennia. The new lciaky.
Introductfan. The groove guide was one of several waveguid. wave arntenna is shown in Fig. 2. The besic difference between Ný

ing structures proposed fov millimetre-wave iise about 20 the structures in Figs. I and 2 Is that in Fig. 2 a ('of,tliiflhis
years ago litt order to overcome the higher attenuation oc- metal strip of narrow width has been added to the guide in
curring, at these higher frequencies. Althottgh those new low- asymmetrical fashion. Whthout that strip, the field of the basic
loss wavt~guides were Introduced many years ago., they were mode of the symmetrical groove waveguide is e'ian-scent vert-
not puriued beyonti some initial basic stadici beciause they icalk'1 so that the field has decayed to negligible values as itak k
were not yet needed. Now, however, millimetre waver, are reaches, the open upper e.nd, the function 'mf the asym-
again becoming Important, and attention is again being paid metrically placed metal strip is to produce some vimount of

to new types of waveguide. Amung these are dieloctrlc strip not horizontal electric field, which in turn sets up a mode akin
a~id th: gofoivrette Hguide.svrlfrs mode propagates all the way to the top of the waveguidec,

VThe prese-it letter describes a novel type of leakyv-sove an- wlwre it leaks away. It is now neccisary to close up the
* c,'ioa which is based on the groove waveguide. Although lossy bottom of the waveguide, as seen in Fig. 2, to prevent radi-

waveguides may be acceptable for components only a wave- atton fro.m the bottom, and (nonelectrlcally) to hold the struo-
length or so long, they are not suitable for leaky-wave an- ture together. Of iourse, the upoer walls could end as shown
tennas, which may typically be 200 to 100A, in length, where in Fig. 2 0; they could attach to a ground plane.

Sis the free-space wavelength. For these antetanas, therefore,
It is necessary to employ a' low-loss waveguide, and the groove
guide matisfies that requirement. The antenna involves a simple
liintfitudinallb coftntinuous structureý as a result, it should be
easy and cheap to fabricate, and can probably be made by a
siniple extrusion process. In view of the small size of wave-
guiding structures ut muillimetre wavelengths, 1leaky-wave iin- .

tennas form a natural class of antennas for these waveguitdes,
The antenna has been anrAysed In an almost rigorous 1

mannar, and a closed-fornm ehtpresition has been derived for the leb
dispersion relation for its complex propagation constant. 4

From numerical calcmlations, we find that excellent control j-
can be effected over the letakage constant a, so that radiationIpatterns can be designed In a systematic way.
ikisieu qrocire wavelluide: The cross-section of the groove wave- 4 '*-

guide is shown in Fig. 1, together %ith an indication of the

prow-ilt'g by Introduactwio ioj'n usymmetric 'opititnaous itital stripC

We now have available a leaky-wavi line-source antenna of ~
umsrle construction. The value or the propagation wave
n amber 11 of the leaky wave is governed primarily by the
properties of the original unperturbed groove Suidik. and the __

value of the attenuatio)n constant at is conttrolled by th- width
-. ~~and loc~ations of the perturbing strip.,11~

Typical Yet c, namerical restdlt: ... with any leaky-wave an-
tenna, one can, by suitably chAnging the dimensions and thet,
frequency, obtain a variety of scan angles and leakage con-

Hit I ('ros.eris-wir, orooe atlt' i stunts. Let us choose as it typical case aj','a -0.70, hia - 0,g0,
~lg i/vmm'tr~uI mnraiatnu ~i~~uiiu cla - 1-215, Ott w- 014S, e"ia - I1'!Q, 6/at 0-021 and ;.,'o -

1t tid can either ýte left upen, as shown, or be closed otT 1,20, For this particular set of dimensions, our calculations
yield 1/ko - 0-749 and 2/k0 - 6-24 x 10". This value of leak-

elecvtric field lines present. One should note that the structure age conitant % yield! a leakage rate of tabout 0-34 dB per
reserrbles that of a rectvrguiar wavegulde with most of Its top wavelength, resulting in an antentia about 30;.,) long If, 48 ts
and bo;'.om walls removed. Since. the attenuation associated customary, 9044, of the powitr Is to be radiated, with the re-
with those walls increases as the frequency is increased, where- muinlng 10,,, dumped into a load. The resulting beam width
as the asttenuation due to the presence of the side walls (with of the radiation is approximately 2,9-, and the beam radiates
the electric flold parallel to the walls) decreases with increasing a). an angle of about 49' to the normal. At a frequency of 50
i'reqkitency, the overall attenuation of the groove waveguide at GHz, for example, dimension a would be 0-50 cm and the%
hig~hvr trequencies is much less than that tNr a rectangular antenna would be IS cm liong.
waveguide. The reduced attenuation loss will therefore intir- We have described here a new type of leaky-wave antenna .
fere negligibly with the leakage loss of the novel antenna to be suitable for millimetre waves, It is based on the groove guide,
described, which is a low-loss waveguide, so that the wavt juide attena- ~

The greater wvidth itn the middle, or central, region was ation will intierfere negsligibly with the leakage proicesu The
shown by T, Nakahara.t" the inventor of the groove guide, to structure is simple and longitudinally continuous, rendering it
erve as thý mechanism that confines ,hie field in the vertical attractive for fabrication ait the small wavelengths In the

direction, much as the Jiclectric; central region does in the millimetre-wave range. -37-
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THEORY AND DESIGN CONSIDERATIONS and creates the leakage, The strip therefore gives rise to an
FOR A NEW MILLIMETRE-WAVE LEAKY additional transverse 'node and couples that mode to the orig-
GROOVE-GUIDE ANTENNA mini transverse mode which by itself would be purely bound.

The transverse equivalent network for the cross-section of
the structure shown in Fig. I must therefore be basnd on these

?ndexiny terms~: Antennas, LeA'uy-wave antenna, NfIllimetre two transverse modest, whichi propagatet in the y direction and ~ ~~
waves, (,#onve Fluid.' are coupled together by the narrow asymmetrical strip. These

A tanse~s euivlen newok i prsenedfora nw tpe coupled transverse modes then combine to produce a net TE
of leaky-wave antenna basrd on the groove guide And suit. ogtdnlmd i h iecin ihacmlxpoa
0blr¶ for millimetre waves. Employing this network, thee an- gation constant/ -j2. '\

teisa~sperormnce harcteistc~ ae eplanedand In view of the uniformity of the structure aloing -, the
systematic design considerations are deduced, appropriate transverse modes tire the I - 0 and I - I H-type

(or LSE) modes with respect to the : direction. The complete
Introduction: A recent paper' discussed a new type of leaky- equivalent n~atwork based on these transverse modes is given
wave antenna for millimetre waves based on the groove guide. in Fig. 2. In the network, which has been placed on Its side for
The operating principle underlying the new antenna was pre- clarity, the I - I transmission lines represent the original
sented there, together with background relating to the basic mode with a half-sins-wave variation in thel X direction in Fig.
groove guide and the presentation of a typical set of numerical 1, and the I -0 transmission lines represent the new mode
performance data,. yteitouto which :irs no variation with x. In the central region, corre-

As stat'ed there, the atiteninuscetdb teitouto sponding to the unprimed parameters, both the i - I and
Into the basic groove guide of an additional longitudinally Ia0 tiansmission lines are above ckitoff; in the outer (primed)
c;ontinuous metal strip. The strip is introduced in asymmetrical regions, however, the I -. I transmission lines are below cutoff
fashion so at: to produce some net horizontal electric held. In but the I m0 ones are above cutoff, leading to standing waves
efflect, a new trrnsverse mode is created thereby, which propa- in sec~tions c, c' and c', and to radiation via 0,,,
gates all the way to the top of the wavesuide, where it leaks ' '

away, thus trantiforming the initially bound mode Into a leaky Y7 00

one. F?%l 't.
The leaky-wave antenna has been analysed hy deducing the Nn ~

proper iransivuersre squivalet no tuwork, deriving simple closed- k' )f!11.,. ,.' r itl J811 I-,

form expressions for the various parameturs of this network, K.: -

an hnobtaining the dispersion relation for th omplt es. k'V .08  itY
propagation constant of the leaky mode from the loetrIA,~~.
onance of the transverse equivalent network. The resulting c .n~ b1 n 0 cc

*From this expression, numer'cal calculations were made of For clarity, the network is placed horizontally rather than verti-

the antenna's performance characteristics, and their depen. cally
dence on the various dimensional parameters of the antenna,
From these results we noted certain radiation peculiarities. Although the Hoelds in the i I transmission line of length c'
due to the presence of a transverse standing wave, and we are evanescent, c' Is sufficienitly short that the added strip J''~,
were then able to deduce myternatic design considerations located at c' can convert some of the I w I mode power Into
which permit one to optimixot the antenna performance. the I - 0 mode, The amount of power converted per unit

*In this letter we first present the transverse equivalent net- length clearly depends on the length c'and the width 6 of the%
work and discuss the transverse modes which are coupled by itrip. Particular note should be made of the simple form of the

the dde contrtousstri. Tenusilsin ths trnsvrse network at c' which couples the two transmission lines, That
equivalent network, we explain the performance behaviour form and the expressions for the elements in that network
obtained as the values of dimensional parameters are varied, were derived using smiall obstacle theory in a miultimode con-

y ~~ext; it wasi necessary to extend the formulations available in A
the literature because one of the constituent transmission lineii
(I - I) is below cutoff.

* I ~Space does not permit listing the expressions for the various ~
IC. constituents of thin. network, nor the final expression for /i and

6 ~a, but they, together with their derivationts, will soon be pre-
v .2. tented for' publication. It should be mentioned, however, that

Kthe theoretical expressions for the Individual constituents, as4
well as for 0 and 2, are in closed form,
Urslion considerai ions: In order to systematically design radi-
ativin patterns. one must be able to taper the antenna aperture
amplitude dlsit~butlon while maintainaing the phase linear
along the aperture length, iLe. one must be able to vary at while
keening P1 the same, Fortunately, several parameters can be
varied that will change a while affectinS $ hardly at all; the
best ones afe 6 and c, If c is long enough.

Since the i - 0 transverse mode is about cutoff In both the%
central and outer regions of the guide cross-section, however,
a Meanding wave effect is present in the I - 0 transmission line.

4'---:~ 4 1 At a remult, a short circuit can occur in that transmission line
FiI Cross-section o.f novel leaky-wssue antenna, wh'ere lekg s at the position of the coupling strip of width 6, and the value

prouce. yirdcinq'i smnrcentuu Ntl strip of x then becomes zero. Hence, we must choose the dimsen-
prodwedby srrducinn ~dsas)mmvf I, onrnrow t~el sripsions. to avoid that condition, and in fact to ciptimise the value

and hnally we outline the design considerations for opti- of x,
Invtaation, again employing the tratnsvtrse cqulvalmnt network. In the design, one first chooses the width as and adjusts a'

and h, to achieve the desired value of P/kn, which is determined
Transverse resonance analst 's of ilie now antensna: The basic essetatially by the I - I transverse mode, That value of Plk0)
structure of the new leaky-wave Antenna is given trn Fig, 1, As imitediately specifies the angle of the radiated beam. Itlls then
diicutused in Reference 1. it is the added continuous s4trip of ievopzsied that the value of x can be Increased If the couplIng _39
wi-Phl 6 that introduce4 itwymmetry tinto the btuwc groatvc guide wtip width 6 is increased, or ifthe distance ae' betweetn the step
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junction and the coupling strip is decreased, since the coupling It is important to realise that the dimensions for opti-
strip is excited by the i -. I tran~sverse mode, which is evanes- misation are independent of fre•quency, since the transverse.

cent away from the step junction in the outer regions. After wave numbers are all frequency-independent. Of course, when
those dimensions tre chosen, the length c must be determined the frequency is altered the values of /3 and a will change, but
such that the standing-wave effect mentioned above optimises the dimensional optimisation is undisturbed. In fact, for the ,.:.*."',.
the value of o. If c is sufficiently long, it will affect only the dimensions discu.ised above, the radiated beam can be
i - 0 transmission line and influence P negligibly. The length scanned with frequency from about 15' to nearly 60° from the
c" also affects x strongly and P weakly, and it also must be normal before the next mode begins to propagate, •. ....
optimised because another, although milder, standing wave The new leaky-wave antenna suilable for millimetre waves,
exists between the coupling strip and the radiating open end. for which the transverse resonance analysis and design con-

We have obtained numerical values in graphical form or the siderations are presented here, is therefore capable or straight.
variation of 2 and P3 with each of these dimensional par- forward understanding and systematic design. It is also
ameters, so that design optimisation can proceed in systematic sufficiently flexible with respect to the dimensional parameters
fashion. However, we present here, in Figs. 3a and b, respec- which can be varied that a reasonably wide range of pointing
tively, only a curve of a/ko as a function of c' (Fi& 3a), and the angles and beam widths can be achieved with it,
value of r + p' (Fig, 3b) that must be selected so as to achieve
the optimised value of ac given in Fig, 3a. In effect, therefore,
Fig. 3b indicates the value of c required once a (via e) is Acknowiedrment: This work has been supported in part by the
specified. It is interesting to note that c + c' Is almost constant Air Force Rome Air Development Center at Hanscom AFB,
for optimisation. under contract F19628-81 K-0044, and In part by the Univer
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"2. Discussion of Compre ensive Reporto hr

The two short papers comprising Sec. A, 1 summarize the main features

of the asymmetric strip antenna, but they necessarily omit much material
because of their limited length. For that reason, a comprehensive report

was written to supplement the short papers and present the remaining in-

formation. Because this comprehensive report was submitted only a few

months ago to the Air Force, and it has not yet been distributed, it is

included here as Appendix B. In this way, it is available now as part of

the total discussion of the various new antennas based on groove guide.

It is also useful to have it available because some of the derivations in
See. B rely heavily on material contained in this report.

The form of the transverse equivalent network was presented in Sec. A,

1, in the second paper, but no expressions were given for the constituent

elements of this network, and, of course, no derivations were included of

these expressions. Accordingly, detailed derivations of the various ex-

pressions are presented in this comprehensive report; in fact, about half

of the report is devoted to these derivations. The considerations include,

first, the transverse modes that must be used to cope with their hybrid

nature in the transverse direction, and then the representations for the

discontinuity structures present in the cross section, including the step

junction, the asymmetric strip, and the radiating open end. Special atten-

tion must be paid to the asymmetric strip, that couples the incident bound

i - 1 transverse mode to the radiating i - 0 transverse mode. That struc-

ture was analyzed using small obstacle theory in a multimode context, but

it was also necessary to extend the available theory to include the fact

that one of the modes is below cutoff. All these considerations are

treated in detail.

Many additional numerical results are presented near the end of the

report so that one has available the dependence of the phase constant 0

and the leakage constant a on each of the possible geometric parameters.

For the design of leaky wave antennas, one wants to be able to vary C
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without affecting 8, and vice versa. These results offer guidance in

that context, and, of course, recomiendations are given as well. These

recommendations are also to be taken in connection with the optimization

and other design considerations presented there. -

Section E, 1 of this report contains some general rt~les regarding the

behavior of leaky wave antennas in general. As mentioned in Part 1, this rAAv,

section, with minor changes, has been reproduced as See. C of Part I be-

cause it is relevant to all the leaky wave antennas treated here, and is

of basic general interest.

Lastly, it should be remarked that the asymmetric strip antenna is an
example of how the initially bound dominant mode of groove guide can be

transformed into a leaky mode by the introduction of asymmetry. The

asymmetry could be introduced in many different ways, depending on con-

venisen. This structure was chosen because it was amenable to accurate . r•
analysis, as well as being reasonably simple in structure.
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B. THE LEAKY MODE SPECTRUM OF GROOVE GUIDE

It turns out that only the dominant mode of groove guide is purely .+, ..

bound, and that all higher modiis are leaky. Nakahara and Kurauchi [9)

had shown toward tho ktiid of an article many years ago that the odd higher

modes were leaky but they gave no indication of the magnitude of that leak-

age. We extended ?veir result to show that all higher even modes are also

leaky, and we derived appropriate transverse equivalent networks for the

first higher (n - 3) odd mode and first higher (n - 2) even mode, and RV

computed from them the extent of the leakage and its dependence on fre-

quency and dimensional ratios. .

As mentioned earlier, these studies have been summarized in two short

papers and in two talks before professional society symposia. The two

papers summarize the main features of the studies, and they present the

physical basis for the higher-mode leakage, the form of the transverse

equivalent networks (but no expressions or derivations), and some numer-

ical results with physical discussion. The two papers overlap somewhat in
content, but differ in stress in addition to other content. The firstN

paper, which appeared in Alta Frequenza in 1983, treates only the odd

higher modes, contains remarks about the dominant mode, and includes

explanations of why the curves of o and 0 behave physically the way they

do as a function of frequency and dimensions. The second paper is con-

cerned primarily with a comparison between the odd and the even higher

modes, with respect to the behavior of a and S and the difference in

polarization of the radiation,

Because these two short papers furnish an excellent summary of the

conclusions reached by these studies, they are reproduced here as Sec. B, 1.

The expressions for the constituents of the transverse equivalent

networks, and the derivations of those expressions, are presented in

Secs. B, 2 and B, 3 for the first higher odd mode, n * 3, and the first

higher even mode, n - 2, respectively.
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I.

It should, of course, be understood that these two leaky modes fur-

nish the basis for two new leaky wave antennas. The leakage from the

n w 3 mode occurs in the form of the n = I mode, with E parallel to

the walls. If the structure is maintained vertical, the radiation will

then be vertically polarized. Since the leakage from the n - 2 mode

occurs in the form of the TEM, or n a 0 , mode, the radiation from that

antenna will be horizontally polarized.

,Ne
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I ~1. Summar*y of Princ~ipal Features

(a) BOUND AND LEAKY MODE.S TN

"SYMMETRICAL OPEN GROOVE GUIDE

"by P. Lampariello and A. A. Olino

(b) THE LEAKY MODE SPECTRUM OF GROOVE GUIDE

by P. Lampariaell and A. A. Oliner
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Bound and leaky modes
in symmetrical open groove guide
Paolo Lamparlello
DIPARTIMENTO 01 ELETTRONICA, UNIVERSITA oi ROMA
VIA EUDOSSIANA, 18 - 00184 ROMA
Arthur A. Oli1ner
POLYTECHNIC INSTITUTE OF NEW YORK

333 JAY STREET.- BROOKLYN, N.Y. 11201I.z
Absztract, it is shown that or% symmetrical open groove guide, which was proposed some years
ago As a low-loss waveguide for millimeter waves, the dominant mode Is purely bound but all
higher modes are leaky. Analytical etcpiessions and numerical values are obtained for the pro-

pagation characteristics of the dominant and first higher modes, includingthelaaecntn
for the latter.

i. INTRODUCTION The earlier theories either neglect entirely the susceptance
contribution from the step junction in rig, 1, or they performi

(Irooive guide Is one of several waveguiding structures mode matching there so that the dispersion relation involves in-
proposed for millimeter wave use about 20 years ago In order to finite sums which produce at complicated dispersion relation
overcome the higher attenuation occurring at these higher even after truncation, Our Approach was to derive at simpli but
frequencies, Although these nrw low-loss waveguides were accurate extpression for the suseepraneg of the stop junction, ex.Uintrodiuced many years ago, they were not pursued beyond tropolating from a little-known but available resul for a closely
some Initial basic studies because they were not yet needed. related discontinuity, An accurate transverse equivalent net-
Now, however, millimeter waves arc Again becoming Important, work then becomes available In which all the elements are repreeN

NOand Attention li Again bseing paid to new types of wsvegulde. xenred by simple closed-form exspressions,
NO ~Among these Are dielectric strip waveguidesi of different types, %

ii guide in several forms, anid groove guide, 3. PHIYSICAL BA3IS FOR1 LhAKALCli OF~ HIGHER MODES

2. THE DUIAT O FGOV WAVEGUIDE Th ecn portion of ou, Oixudy. which involves the maoor
ihe uicfor of pensymetrial rooe gude s sown contribution, relates to -the leaky wave nature of the higher

I'hL baic ormof pensymetrcal rooe gideIs how rudle ofgroove guide, The leaky wave nature of these modee
In 11.1 oehrwt nIndicatioin of the electric field lines was originally noted by Nakahara and Kurauchi 121, and wast
peresemblesr the lofetmoe One sho'ild note that the stnsruc brugh to tsur attention by Prof. 13.J. Hairris. by examining

cc esebls tat f ectnguarwaveguide with most of the top the simple relations among various wavenumbiers, N~iakathara. and
ardbottom walls removed. The attieruaition Associated with hKuraueii concluded that the dominant mode is Always bound,
toewitils Increases as the freq uency is inecraed, whereas the anti that all bigber modes are loaky. Theme considerations

attenuation due to thc side wills (with the electric field parallel show whether tsr not the particular mode Is leaky, but thoy do
to tewalls) decreases with lrsi frequency, Therefore, the not rindi:ace the magindustue of the leakage.

oeatltienuatiun for groove guidc At higher frequenocis Is Our first step wos to verify these original conclusionts and,
vcry much less than that for rectangular wavegulile. by exter,sion, to obtain additional Information on thM propAga-

'he greater width In tht middle region was shown by ting (ir evanescent mature. of various field components, We then
'.Nakahara 11.2 1, ithe Invorntoi of grooIve. iuid~i. to serve As the derived at transverse equivalent nietwork that takes Into account

techanlarn that confines the field In the vertical direction, rthe coupling between the dominant and the first higher trans
thus decays cxporielitially away from the central region in the To understand the propagation behavior of the first
narrower 'eglons Above Andi below. Work on the groove guide highim longitudinal mvode, we first recognise that the cross see-
proliressed In Japan t2,3; And in the L'iiited States 14461 until tion ulmenslons must be large etniouh to permit 4oth the do-
the middile 1960's, but then stopped until it wus revived and minanit rind the first higher longitud~inal modes to propagate.
dcvelopeu ýurther by 13,3. I arris And co-workert 17,81 In Wales, Looking in the y direction In thit structure of Fig. 1. wve observe

It has heen %hown In the iprev'ious ptiblications that the that ait the %top Junction An I - I transiverse mo~de will couple to
tiumnntitn modec In groove guide Is a '17. mode in the itinornadi. all othur transverse modes of tht samte symmetryl iLe., It will
nrd direction whose thseoretical propagation characteristics Agree cau pIe to all I - 1i 3, 7... transverse modes, In the transverse
reasonably well %hish oseasuremints, The first portion of the eqlurlvelrn network of [,'IV. 2, the I - 1 and I - 3 transverse
presert investigation involves the derivation of an Improved riodes are separated out, and separate triinsmilssion lines itra
dispersion relAtion for the dominant mode which Is more furnished l or each of them. It is niecessrary to deriv*exrpressions

* .accurate than An%, given previously arid Is a flosed-formi rranscemi* for all the parameters ot vhe network In rig. 2, and we have
dental rclatioti that does not require any summation of terms, obtained girripit, closce.+=~m expressiono for all of themv The
ThIls result, simple In form and accurate, airt etrwt cou.ming auscep ao..e between tie radiris tsio lnes was derived
metewured tiara 131 than Any carlier theoretical results over a using smnill obsirncie theojry In a m~uitimod" context.
wide. rantge o~f pairatmeter values, V.'k.tn the gtroove guide 15 '..'cired in Jad,,iiant mcde

Zseratirdo tieALTA 1rREQU1EN7!AI., N. 3 vol. Lil - 1983 - da pag, IN4 a pag, 166
I, * - 47-



fashion, the i - I transmission line is propagating in the central reduced, and the value of a becomes much lower. When b is
region of width a, hut evanescent in the outer narrower regions small, ky3 b is small, and the field variation in the central region
of width a', Also, it can be shown that the i - 3 transmission becomes only a fraction (if the half- period sine wave, so that
line is bielow cutoff everywhere, so that the dominant longitu- the field at the step junctions is nearly the same as that in the

unal inode is purely bound. on the other hand, when the middle of the central region. Then, the interaction between the
)4?rste' guide is exdeied in the first Aoi'hrr longitudinal modr, I - I and I -3 modes is inCreasetd, andi cy increases.
correspondingl to the I- 3 transverse mode, the i - 3 transmis- '11wi cause of the nulls in VIlg. 4(b) may lie understoodi by
sion line is propagating in the ccntr:id region but evanescent In reference to the transverse equivalent network in Fig. 2. A I
the outer regions, tiut, the i -Itransmission line can now be standing wave in the vertical dircetion is p~resent in the I - I
shotvii to be propagating in bioth the central and the outer mode in the central region. When the electrical length of that
rtgions. The result is that the first higher mode is leaky, hut standing wave is a multiple of ir, it is seen from Fig. 2 that \..
with the interesting feature thate the encirgy that leaks lasa the a short circuit will appear across the terminals in the i*I
variation in x of the doominant mode, not of the first higher transtmission line that connect the I - I line with the exciting
mode, I - 3 lint, No power is then coupled into the i - I lines from the

These coupled transiverse modes therefore combine to I- 3 lint, and no leak~ige occurs for those vulues of b. Of course,
produce a net TL~ longitudinal mocde (in the i direction) with as b approaches ttepo those terminals tire again short-circuited
i cormplex propagation constant, fi - ja, From the transverse and the leakage vanishes, as seen in Fig. 4(b).

equivalent network (if Fig. 2 one can readily derive the disr it is therefore found that the Value of the leakage constant
slon relation in the. formi of a transcendental relation all ot ir with fretquency and is strongly dependent on the dimen-
wehose conitituenta are in a simple. closed form. ihe leakage sitin bi we also see that ct can vary from vero to significant
constant ct can be found readily from this dispersion relation, values,

4, NUMEiRIC.AL RES~ULTS MnsrpreivdoFbuay16, 1983.

Wt. now present some numierical results for the behavior
of the phase constant 0J and the attenuation constant a of the l(lIl'l'.RNCES~

the first higher longitudinal mode (the I - transverse mode). III Polytechnic Institute of Brooklyn, Microwave Research

In Pligs 3(a) anti 300) we plot the variatio'n of 0Jane t ass a tune-. Institute, Monthly lierformane Siumnsary, RcportPlBMRl- ,,
tlon of frequency. We sew from Fig. 3(a) that P Is almost linear 875, p. 07.61, 1961.
with frequency at the higher frequencies, but shows substan. 121 T. Nalkaharat NKurauchi, Trinismlsslon Alates ins the
tial curvature riear cutoff, The variation of a with frequency. Girtioud 6fi'de. 11J, Inst, of Eilectronics and Commun.
In Fig, 3(b), is seenm to be almost hyperbolic at the higher Esigng. of Japan ", July 1964, vol. 47, ri.7, p. 43-11. Mlto In .

ftequencietsl nearer to cutoff, a IN seen to rise substantially. "Sumitomo i-3ectric Technical Review", January 196S,
Theste vaistations follow directly from the simple wave. n, p,1. 6 5.7 1.

numbiler relationships, fly taking the real part, and noting that 131 1-1, Shlgfesawa, K, Talyunkiaa rt spssl C/,simssteritics
the transverse wavenumbers are Indeipendent j( frequency. rk( the Close fireorvsd tOuide, "1 J. Inst. of Eilectronics and
we find that l3 Is approximastely linearly proportiotnal to the Comniun nrs. Krfts ofJapan", November 1967, vol. 50,
frequency when a Is small, which occurst for the higher fre- nil1, p. 127-135, Also in Opt the Study Ofld Close G~roo*D
quornclast Such behavior is In agreement with that In t.'lg,3(a, i'd fluide. "Science mid PFngincering Review of Dushlaha
When we take the Imaginary part, we find that the product a*l University", Japan, May 1968, vol, 9, nI, p, 9-40.I.should remain Independent offrequency. Isthe frequency ran- 141 FlJ. Tlichhri Thu O:::s: Guide, i Low:ussWa::guid:
ge for which flIs proportional to frequency, we thus find that for Mfillimeter Waves, "I EV1 Trans. on Microwave Theory
a must vary ass the reciprocal of the frequency, in agreement Tech,"1, September 1963, vol. MIfl-1 1, p. 191-296.
with Fig. 3(b), [S1 JA,WE ;riermimannt Groove Guide, lnt Proc. Sympos. on

the height of the central region, are presented In Figs. 4(a) and of llrooklyn, 1964, p. 565-578.
4(1)), Thse behavior of as, In Fig. 4(b'), Is particularly Interesting. 161 N.Y. Yet, Ni?, Audehit Wave P'ropagation in (,'ruehs'
We observe that the curve seemts is) he compirised of a bastic (dide. list Proc. National Electronicis Conf, , 1965, vol. ' '

eneoewhichi deerva-svi nicisottniscally .15 li increases, mosdi- 21. pi 1 8-23.
fie t%, av wrie% ot ntulls whiIch delircsi the einvelope curve pen o- 171 I .J . I larriti, K .W. Leei rrotsve Guisde at a l1,w- luua Tpatssi
tlicilly. Thew taste envelope, shape can lie understood phyttically sstis.sln Syute~nt /dir Short ,ihillitnettie Waves, 1Ele1ctron,
whens we recognize that the k jdependence (of the exciting L~ett,", 8 D~ecemsber 1977, vol. 1I, n. 2S, p. 71.1-776.
mode) in the central region visrreIs with b. When b is large, k~s is professor Harris and his colleaglues have published many -

Is larger and the variation of' thle field In the V direction in the papers on this tuplc. of which this is one of the first, one
central region approximates a haIC-parloel sineo wave In shape. of their latest works Is given as ref. 8.
Illius, the field at the stqp Junctiossn Is substantially lower than 181 I).j. Harris, S. Maki (Groovit-GsitidvA.Iicroutatte lDetecfssr/as

the field at the middle of the central region. As a result, the 100 GHs Operatlrion, 'Electron, Lett,", 23 July 1961,
interactioin between the I I and iu 3 modes Is substantially Vol. 17, n.Is, p.516-$17.
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ky, ki, 3'k

b/2 n~j:1

F~g I -Cruii section of symnnietrivaI, nonradiaiting grooIve Pig. 2 - 'Uransyvmv~ cLIUh~dlVt network for tiw strjuturt whoti
wavceiuide, 'liv e'nds call eiter lie left %)p;n, ~it Nilown, or cross section is qhown in Pig. 1. (Vor clarity, tiw network is
Ult cdote off. p lacd oizotally father than vertically, and it represents the

.. 5100. 2.5

2000. 2.

30. 50, 70. 90. 110. 130. 30. 50. 70, 90, 110, 130. ,1

fIGHz t fiHz

Fig. 3 The11 vdahnuin with frequency' of the phase constant 0 and the leakage (ar attenuation) constantat of the Leaky made that
results when the groove guide Is cxcited In the first higher longitudinal mode (a'a 0.7, Wit 9 )4111

1.0 5.

3.

0,55

QL 2.

0, 0.
01,0. 2.

b/a b/a

Fig. 4 - Th aiton ftephs osan n h lea agecnstant a, bath normalized tu the trec space wavenumber ki), of
the leakv modle as a function of the height b of the central reigian In the groove guide, normalized to the width a (f A4 Gill,

Va0.71,



LAMPARIELLO P. t*).-OLINER A.A.(**)

Dlpartitntntu di Elettronica, UnivIersltil di Rolnia, Via Eudossiana 18l 00184 Roma, Italy
*4 Iiilytechnic Institute uf Nvw Yojrk, t35Jay ~troet llrm)klyni, NY. II 201, U.SA,

ABUSTR ACT, . Th niote spectruin ol' itpen syti itetrcal grotive gulsir, a lowlIi ~s wasvcgtilsf prtriposed wing years
ugo for milliniiwtc waV~lehgtlia Land or ioterest again tlldayI lb ivestilahtetf quasatltutively. 'The dominant mode Is
purely bound, as is well known, hut we find that all MAs~er mnodes are lseaky, We first verified ani early pratliction that
all the odd higher modes leak, and we fimi that all evert higher modes dlo alto, The leakage for the lowest odd slid
even leaky trodes is obtained quantitatively by derlving accurate trtsnsverk equivalent networks, all of who~se cle.
nictitst are in closed form,

*INTRODUCTION relatioas aniong various wavenuinberso these authors obtained the
very Intieresting conclusion that the dominant mode it always

Groove guide it uste of a group uf waiveguiding structures pro. bound, and that all odd higher modes are kishy, rhes.K consgidler
posed 20 ue more years ago for use at mnillimeter waveleasiths, Those ationa show whtthff or not the particular mosde Is leaky, but they N
waveguides were not pursued beyond some Initial basic studies do not Indicate the megsitasde of the leakage.
hecause they were nsot yet needed, and bccatwe adequate sources A rencent publicationi IP. Lamsparlello I A.A. Oliner, 19821 sum-
for millimeter waves were not yet Available. Today, ztuh sources are mar'iand an Investigation by the present authors which verified these .
readily available, and the many advantages oft millimeter waves ore qualitative conislusions, witl developed asn accurste closed-foini
becomiing fncitearingly appreciated. dispersion relation for the magnitude ofl the leakage for the first "AA

It wast alito recognlaied sotme years ago that the shortter wove. higher add miode. MSome new results are now ptestaited for the low-'
lcnigths associated with rnllhitieter wavets produce problems relating est leaky everts mode, together with some of' the earlier material
to the smnall sive of comtponents and the high attenuation of the for the first higher odd miode so that comparisons can be made be.
waveinildes, N%.w types or waveguide were therefore prsptisetl tween them,
for which the attenuations per unit length would be substantially
lower than that for customary wtiveguicids, ind for which, In aima iI~lll~ln oD) sIoDIls
!ales, the cross section diensionins werte greater. Qawive guside It
one of the waveguides in that categotry, aid attention Is agais besing Arter verifying the otiginaul IT., Nakaharts -N. Kutauchl,. I.I
paid to it in the cositeitt of components for it and new leaky-wave 19641 qualitative conclusions for these odd higher nsssdes, we do-
antesinall which are bosed on It. -rivedi a trastuvere aqluivessat net'work that takes Into accounit the

The basic forsm of open symmsetrical groove guide is shown in coupiling Isetween the dominant and the first hilgher odd transverse
Fig. 1, togethegr with an Indication of the electric field lines present nioses; this network it shown In Fig. 2. F'roms the dispersion7
for the lowest mnode, orne shoulsd ntos that the structure raesembles relation that follows froin this equivalent snetworks, we have

walls renioved, Ilme attenuation associated Withs those Wells illMIcretkilte leakage cosnswtat.
at the frequency is Increased, whereas the attenuation due to the Let us recognize that we are Investigating the case for Which
side walls (with the electric field parallel to use walls) decreases that urmis section dimensions are large enough to permit both
with Incerasinsg frequency. Therefore, the overall attenuatiomn fur the domsinant amsd the first higher odd longitidimiall modes to prop.
grtoove guide at higher freqttencies is very much less than that for agate. Looking In the y direction of Flit. 1, we then see that
rectangular waveguide. the guide cart be initially extcited such that the Incident power is

The greater width In the middle region was shown by 1T. &Naka- basically either In the I w I transverse mode, (or which the x
*litara, (11`141, 19641 the Inventor of goiouve guide, to serve as the dependence Is a half sine wave, or itil the I w 3 trantiverse mode, for

i nechasifam thut cunfines the field in the vertical direction, much as which the x dependence contains three half sine waves. These
the dielectric central region does ist 11 guide. The fieltd titus tdecays excitAtsssss result in the it is I and ita 3 lomngitudlinslinorses,
eitpotestalally Away Itoimi th,. central region Iii the narrower regions respectively, In either came, we observe that at die step junctiost 55
above .uid below. Wourk tin the groove guide progressed is Japan I -I or I - 3 transverse nsode will couple it) all oither trantsverse
IT, NakallAra -N. Kurauciti, I964; 11, Sitigesawas K. lakisyanta, mimodes iii the same symnimetryl for extample, the I w 3 niode will
19671 Asidin the UnitetiStates [I'J,''llscher, 19631JAY. (Irlemsnssmul, couple to all of the I w 1, 5, 71 . . . trasmsvcrst modes, lIt the

19441 NV.Yt, .e N,F, %udthli, 19651 until the mivddle '1060's, but transverse eqfuivalenit network of Fig, " . the I , I and I w 3 trot.s

tithesn %thIe1oreticl twsrevagatiuct chaacertlups agrtee resnathy tersale m athoyn ar mumi~rnode oucn eiretasisontlinst.r
I970's by D.j. Harris antd to-workeri lt)J. 15.srris -KAVi. lIee, 19771 fisrisimetf or each itf thesis, It Is nutsetC5t5y to deicive extlrosiltots fir

U.J . I arris 8 , Mt.4, 19611 ii %%ml. ales. all the parameters of the tework Itn Fig. 2. amid we htave 'mlatnitaed
It hau beten shown fIn the previonus p ublications that the toiami. timiple ehmsed. loin expretslons for all of them. The ctsuphlisg

4 ~tiaut moide In grotstve guide is a 1'E made In fthe longitudistal direr. sutsseptanrce between the trt'tnofsminst lines was derived using smiall
well with smeasuremownts, Little is known, however, ahoutu the inature When the groove guide is excited in domsinant mode fashion,
tr the !majher muders. The onily tecerence Iii the literature relates to the I - 1 transmission line Is prtipagatInM In the central region of

the odd higher intides, Isntl it correspoinds to a snail sectiton It% a wildth a, hut evanescent In the outer niarrower regions of width a'.
pAper by Nlukaltara and Kssratchl 119641. by exsamtinint; the itimpie AMso, It cwt be shown that the I 3 trgimnimltaito litie is below cuttiff



everywhere, -so th at trie domns ant longitudinal notrde is purely tioti p ro pertv. II uii, whent a I w :1 tru vriset mode is' rincidet.t

bound. On thn other hand, when the groovew guside is exeited in Ci-e : h, sita, juametiws couple it o, the k= I ,'1, 7. .. , mioles, andi we s~aw

first higher odd ',inerud~in~al mode, coriesprmnding toa the i - 3 uiasss .above tiatu the 1 - I trait ease soodte, beting taboveC cttifih ttianVi'ti p
verse inode, the I - 3 transirnssion line is propagating in the central ly !in the outer regioan o widlth a', causes the r.-ttltitgitf -i := 3snqi-
region but evanescent in the outer regiotns, But, the I - I trransmsit. otrlinal nirisieto be lesky, Noiw, when aim evin hsig~her atd isit ilici*
sion line can now be shown to be proipagating in both the centcral dent, say the I -' 2 tratisv,, ;ira n.1Ic, the bitectissit ',a pliant be.
and the Outcr regions. Tfhe result is that the first higher odd mode LORIea a short-circuit wvall (or ceictrir wallt. The transverse mides
is Icaky, but with the interesting feature that the ensergy that leaks "xcited by thr. sytotattric %tep) juntiomsns are iow the I r (t 4, 6,
1hvs the varlatil.ti in xt suithe dcotnisant anode, not of *he first higher modes, lThe i-4, fi, _rtsansverse inulei all reuaio tie hatic 1%,
mode. stature tI sthe 2n Iti = 2 modise, as do all the m'idI oinfos hececpt

Tit se coupled transverse motles comabine tat produce a tier Ihý fiir the opcn ihr short circuit ntiaure i1 the bisec~tintg y& plant).1 lhe
loragiasidloal mode (in the a direction) with A complex propagtttatin I - hf transverse mode is tliffretest in that It resembtlels a TE~l initri
cossntant, 13-ja, From the transverse equivalent network oft Fig, 2 betwveens parallel plates.
one 'anm readily derive the dispersion relation in the tortm (if a 'The trassvtsuv .asht aiesmikt iit~vretr for tme, lotngitudintal n 2
transcend~ntall relation all (if whose constituents sre in a simple inode thtus requires the incelusion of tian I w2 arnd the i a f0 trastnimiiF
closed form. Thme leakage colnstantt a can be found readily frotm this sion dries, corupled togitther at the step Juncthiosa, Whens the graoive
dispersions relation, gaide is bisected hrceatistally at the xz plane, the nlttmpliflkdc hi.

NUMEICA RESLTSFORFIRS HIhER DD ODEsecterl trraiserse equivalenat network hat exactly thme sarte fornU
NUMEICALUsurs FR FRST IGHE 00) MOE tat is Fiji. 2 fotr ithe first higher oddr tmorle. In fuct, the apprpi

.trc etwtrck is asehieved, In m-it, by simnply replacing 'I ant Ieey
We now present some numericalr"suits faor the behavior osf the where' in the network by 2 anid 6, respectively. 'the cxiesson

phase contstants 13 and the attenuation cos tarant sit of misc leaky modec representingM the paranmeters oftthe network are cliflercot, tfourse
that results When the groove guide is excited in the first higher odd but we have Again derived closeti-ftmrrt results lair them,

sAlongitudinal mode (the I -,3 transverse mode). We have obtained Whetn the I - '2 transmttissiont line is excited we find that in the
K" ~numerical values tot the variatison o~f P3 and a as A function of transverse equivalent netwoirk the I-2 trssnimissittt line Is ltrtspaga.

frequetacy, of the relative widths a'/s, ansd of the aspect ratio b/ms. tiog in the central regioin (if widths a, but evaniescent iti the outer
Only the last-menfirined vauiationt will be ehiscusv'sI here, because narrorwer regioins or width a'. On sth tother hisad, the I -j (I transtisis.
of space Urnitations. sian line, which correspotdsd to is 'IEMi~liko. transverse motorl is

Thme variatitons of 3 Anid a with the dlimrnusloi b, which is the aboave cutoff In bofth the Inner anti otuer regitons, us we expert. Ai, A
height of the centvad region, are presented in Fig. 3 (.m) anid .1 ih). result, the n - 2 lonrgitudilnal moarde, which It the first higher even

Tha- :havlsr oif ý. In Fig. 3 (b). is particularly Insteresting, We anodie, is leaky, blit the transverse fortm (if it~e leakage. Is 'I EN(hIke
observe that the curve seems rto be coimprised orf a bsale envelopse Anid not of the forms tf the exciting i - 2 mode,

whrh decreases mnonaotonically as b increaseA, modified by a series In at sense, this leakage hechuvirir Is similar to that found Ifo
ofnulls which depress the envelope curve periodihcally. The basic 1 U 3 (first higher sidd motdse) extcitatioan, bitt the poilarization of the.
etivelope shape can he understood physically when we recaognize c'lcctrlc field tir the leaikage energy Is /Sos'ssasnwl here whereas It
that the k~a dependence (aof the exciting mode) in Jti ct,,trtml was verstical there.
region varies with b. Whiin b Is large, hr,3b is large and the variastionn

ofthe field in the v direction in die central region approxaimatses a NITNIEICAL RESULTS FOR FIRsT miv-IE B' 'EN MODEY
haf-perlnsd sine waset in shape. Thus, the field at the step Juntioneasa

is substantially lower thamn the field ats the middle of the central "rhc variations ors 13 ndL C With dimetirssr b, the height of the
region. As a result, the interaction between tie I - 1 and I - 3 centril regritn, are presented in Figs, 4 (ti) And 4 (b) Irir the nt 2
mosdes is substantially reduced, and sthe Value (If a becaomes mukCh ltongitudlinal insde, which rc~uisat in leakage with a TI.M-like trans.
coenral rhegia becisrmall ke isry sia l f Atindo the fiperlad saitinine tave, tverse itsm Tihs cur(es and these fhigureh ar te bicfomprms wiithe
loenr.l Whegts becins s only a frcis n s ol, fn the hafpeie d salaiine wui, the vese 41Fis.n Th (urte Ind 3 h.thes f gure are baic feormpse wifthe
ast that the field ait thre step junctioins is nearly the same As that Its' curces are clearly similar, cunainsrls'noi yields certalin Interesting
the otiddhle of the central region. TIhens, the interaction between the differences, (It should lie nosted that for the ns 2 entitle cuonie itt

*I - I and i - 3 modes is inc;teased, and a Increases. rigs. 4 the value of u'/s is n.6, Whereas the a'/a value fur the curves
The craiii aif the nuimdi in Fig. 3 (b) may be understood by ref. in Figs. 3 is 0.7. The reasin foir the selectiomn 4. the particular a'/a

* e~~~rence tott L. transverse equivalent netwotrk in Fig. 1!. A starnting values Is thtat the leAkag consttant a reached it! ntiainium, sn each
*wave in the %trtical d~rection is present in the i - I modice in the cen- c44e fitr aspproisxmately those value ofi a'/;.).

iral regiust, When the elec~trical length of that standing wave is a fl-i most striking differenice is ithat the leakage tate for the
*multiple of ir, it is seen from Fig. 2 thats a shosrt circuit will appear even mndc, it much tsinaller than thatm fair the asdd mode (the oseth.
Sacrosisa the terse mials its the i - I transmission line that connect the name scales ittive been inade equal). Onricant also norte that for the

I - I line with i.,e exciting * 3 line. Nrr poiwer is then atirupled Into even mosle the imixintu~is )accui, at at larger valuse oft b. Theit differ-
* ~~the I - I line ft iii thte i- 3 line, ttnd no teakage ticcurit ori thoase riencs are mIre primarily ias the polarizationm isl the leakage eniergy,.

valuses of b. .;urst, as b approaches zeero those tenisiisals are For the dailt mode, the leakages occurs via the I - I teansvrc-m..
allaiiss htrt-circutaled arid the leakage vanishes, at seen in Fig. 3 (b). modtte. which has a iredoaaasintnly vertical electric field. That filed

comnpoanent has a maximunm at the horirzonital hisa.ý-'n planse
HIGHEIIR EVEN MODES y - 0, sao that the leakage can remain high even near to b -f0, our

sthe even modec, the leakage is due tom the I a 0 mode, which has a
The tesultt denscribedl ,ihrve apply iti tise spectrum oif ardd lttriiwmtsal electic field that groes to aere at the y lmisecu,,as

htigher mtistres. We ha~ve alsoi exinsitteti the spectrum salatest higher plane. Slimee stronger leakage oaccurs fair smaller valttes of b. as
issiames. We findi there that qiualitativeiy the smaine leskAsge beh~avsior csommetntedl on earlier, a conseadietlon arises for the even mrore

%is obtainted, bus that certain Imnterestsing differences appear itn the case, thus preventisig the leakage froim reaching large values. Trhe
dependence if the leakageu coiitsttit 'in the dimiensionial paramreters. same effect wouild tend to push she maximum for the evein anode tim4

When in mild higher mod- Is incident in the sytmmietrical gtroove sasmewh-st larger values iof b.
guide shtown a'7 Fig. I. the v-c plane which bisects the structure It is Atso seen that the taulls for the twro cases in Figs. 31 (bt)
% ýrti, 'y, be~urucs an 'ipea-circuit %sill liar magnetic waill). flecausfe and 4 11h) octcur as different values of h, which is tot he expected

* .tf the sytmmetry of the step junctioins, all of the transverse tinodes since ithe trariverse %%avenumlmeri kyj and kyo arc different. It
exrite:l at thus,' step junctions tlat) pmissa'st the open circuit biter. is ala: a~bserverl frotm Figsts 3 (al atndl 4 (a)tshat the value aof 1 Is
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gre-t.,sr I'm tlh, evenmricisd, ,s result consistent with the filet thus thec Luw.Loss Transmissiion System for Short Millinsesric Waves", A~
i = 21 moide is alower mode thani the i = 3 mode, since the exsutiiiA Electron, Lett., vol. 13, no. 251 pp. 775-776, Prot-essor I-arris
lit ..i detertnin' the value ofO~ to a predunilnasite xwiss. and his coslleagues have publishecd maniuy papers oni this topic,

I lie r' rres ins for die susiceptances in the transverse eqo lvi- titi which this is one isf the first. One of their latest works is
lent n.,twi,rks incsorn less .ucunatit fir small values orbifh., which is given as reference 3.
prccisely the .siaic in wh~iich the values iii at are maxsimoum. Ihr niii. 3. [).j flarris andi S. XlIkk, july 2:1, 1981, "Grin vr.( uidc ylitr,
,incrical v.1 i nvr ilic nitxim a .ii tlseref'iire not vi it( irai IVa wave D~etector for 1(oo (; lz t)1 eratisni', Ilectrin, Lett., w: 4

(iso1. Innsr viii's~ of 1i.i, lhst ihe4- Ifiils 4lowis ill Figs. :i Ini 1 , nio. 15, ppt. 5i 16-5 17,.0
I shoiuld lit-e hh11less he I witedr -1. 11. Laisspaiielli unit AA, C liis'r, 1982, "Ilslouml andu 1,e~lv

Ill iso lmiq tiii ii ~tiily blik xhoiwgi thai slit gii iive guild' ik .i %loislts in Symsimetrical (.lvell (hooive C sisli' ", At:Il 414lla IV
i iiiersiiuM 'iis viveii wvgisle, with its dinmiisasi montile pu~rely bolid iii, Risiiiore Niuslosiale ill l~lettrioiuaiietinctis Apicuo F 'irrikm
but with all ill its higher nussles, hstitl even ansi odd, lcuisy. Triusi Upi' Italy, ~pl 217.219. To lhe Isbiuhlshviti In it spiecial issue of Al- 'y1~
verse equhivalent networks were alsoi derivedi, whsich yilded leilierue. ta Frcqshesita. i
shin relatioins for the Pi and * ofi the first higher longitudiunal modries 5. T. Naiskahara, 1961, Polytechnic Institute (if br~silslyn, !derss-

ofeven and ocd i symmetry; sonic snumerical valuvc' sir their belsusior wave Research Institute, Mornthly Perfoimvocc Sum'mary,
art! presented ubsve, anid thit even and odd nmodes tire cuompasred. Report PIBNIRI . 875, pp. 17.61. ,4)1

6. T. Niskahaza and N, Kurauchi, 1964, "Irusnsminsslon Mosdes In
.XCKNOWLEDGMINT the Grooved Guidte", J. Inst. lI-et1 nc n Cinu.Ega

sif Japan, visl, 47, no, 7, pp. 43.51. Also) in: 1965, Sumnitsonin
'Ihis work hisl beeni supported in part by the Apr tisrce Romise E~lectric Technical Review, no. 6, pp. 65.71.

Aifr D~eveloipmnti Center as Haunscim Air Fur-y issc, under 7. It. Shigesawa and K,Taklyamia, 1967, rTrssssmisfhtsnCharacteir.
"ountract Ni, i- 0623-81-K-0044, atud in parts by- lie University Iries of the Close Grosoved Guide", j. Inst. of Electronics and :
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iii: 1968, "On the Study of a Clise Grooved Guide", Science
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8, Erj. Tischer, 1963, "The. Groove Guide, It Lssw.Loss Waverguisle
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Fig. 3 The variations of the phase consltanlt P and the leakage constant a, Loth normitlized to the free space wevenumbee k0 , of the (ix-t highr
odd leaky mode as a function nf the height h of the central region lin the Stoovo giade, normalized in tht width a (f 64 GHz. a'h L
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2. Derivations for the n -3 (Odd) Leaky Mode

(a) Wavenumber Considerations to Demonstrate Leakage

We shall first present, following Nakahara and Kurauchi (9 ], the

simple wavenumber considerations that indicate under what conditions the
•li nz 3 mode is leaky.

When we excite the groove guide in the n - 3 mode, the field vari-

ation in the x direction, across the guide, possesses three half sine

waves, so that k 3 - 3ýr/a and kx3 - 3w/a . As before, the primed and

unprimed quantities refer to the regions of narrower wIdth a and greater

width a , respectively. More precisely, we should say that the i a 3

transverse mode has these x va-iations. If the n - 3 longitudinal

mode involved only the i a 3 transverse mode, then it would be purely

bound, with ky3 real and ky3  imaginary, Actually, if the groove
guide cross section is excited in the,, i - 3 transverse mode, then, when

this mode is incident on the step junction between the sections of widths

a and a , an infinite number of odd transverse modes will be excited

there, i.e., the 1 - 1,5,7,9 ... modes. Let us 4xamine the proprrties

of the i -1 mode.

We may write

k,2 -k' + + () ,+ (2.1)

sInce

and

k.2  4- + (k"f)V (2.4)
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buL we do not yet know the nature of k and k' However, from (2.1)
yl yl

and (2.4), we note that

k
2

1 1 mkf f(~g k~ (2.6)
a '

so that k 1 is real, and we also obsorve that

(k,')2 -k2,.+ I2 ) (2.6)

so that

whic isalwys rue n ay pactcal rooe gide

W thrfe etht if(2.8 . safif ed >ot 0 and7

arec re alwh act that in iny pracial groans thatdealpw.i are wy

*l yI.

and the overall mode is leaky. Furthermore, the power that leaks has the

x dependence of the i w I mode, not the i w 3 mode.

When these wavenumber properties are viewed in the framework of the

transverse equivalent network shown in Fig. 2 of the first paper in

Sec. B, 1, their meanings become clearer. For this reason, the transverse

equivalent network is repeated here for convenience am Fig, 2.1. Also, the

wavenumber statements made at the top of page 2 of that paper are proven 4
by reference to equations (2.1) through (2.8).

-56-



* 44

3= ns'3
:3

'"• Fig. 2.3. Transverse equivalent• network for open symmnetrical groove guide,
"i ~corresponding to excitation in the first higher odd •n - 3)

longitudinal mode. The network shows the coupling between ± - 1 and£ - 3 odd transverse modes, and has been bisected to take advantage of
symmetry. The network has also been placed on its side for clarity.

2%

(b) The Mode F unct~ious and the Field Components

I. Although the net longitudinal mode is a TE mode (Eg - 0), the trans-
verse modes are hybrid, possessing five components of field. We take ad-

vantage of the fact that -z 0 by characterizing these transverse
modes, which are hybrid in y, as H-type modes with respect to z , or

H~z-type modes. Such modes, with their orthoganality properties, h&ve

been discussed in detail by Altschuler and Goldutone [19]. The modes

carried by the transmission lines in the transverse equivalent network
referred to above are therefore the i - 1 and the i = 3 H~z)-type

modes.
k

The mode fanctisne and the field components for these modeo have

been derived, and are listed below. The transmission direction is y

for these ransverse modes.

4.4- 57 -

symmtry Thenetork as lso eenplacd o itssid forclaity



For the 1 1. transverse mode

7 a&L 2-co (2.10)

COS- - - (2.12)

k- h2-

Co VLxy g- (gbz (2.12)

I~ A',) si a"(~ (2.13)

-.~~~) 0 (2.18) .x1

with- 4 1)~(:.)_____(2.17)



For the i 3 transverse mode

1 4

- -n g ° ,(2.21)
"-( s,"n" eoa--, (2.22)

A8- 0 - coo 3,, (2.28)

Ha.(z,Vz) - .(i') ha(•x,z) (2.20). -

k,2(.,¢=,) - kg V 4 a) 4

, ((2.20)

Haa(z,y,a) -- l,(v) !a5(x,z) . (2.31)

his- sin (2.25

wt-YaJ , zk - (2.32)

Y1 and y 3 are the respective charaeteristic admitcanotu.
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(c) Turns Ratios for the Step Junction

There are two turns ratios for the step Junction, one each for the
i - 1 and i w 3 transverse modes. Let us designate them by n s and

respectively, where the superscript a denotes "step."n3
, .

The expression for n is the same as the one that was derived for

the i - 1 mode in the asymmetric strip antenna, and it is derived in

Appendix B in Sec. C, 2(a) there. The expression for it is given there

as eq. (15), which is

*cap

S- ..a . (2.33)

Proceeding in a fashion similar to that described in Appendix B, we

find for the i 3 mode, using (2.21) for the required mode function,

(2.34)

(d)' The Coupling Network at the Step Junction

The step Junction also CoupleL the i - I and i - 3 transverse •., .,

modes; all the higher modes excited nt that Junction are lumped into the
susceptance element 711 , The simplified form of the coupling network,

shown in Fig. 2.1 emerging at an angle, is consistent with the small ob-

stacle theory used to evaluate the coupling elements.

The viewpoint adopted with reopect to the- evaluation of the step

Junction discontinuity susceptance is the following. The step ratio a'/a

is usually 0.7 or greater, so that the step is small compared to the actual
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guide width itself. The coupling effect is therefore sufficiently small

that, for the polarizations involved, a reasonably accurate result should•_••••

be obtained on use of small obstacle theory. Here, however, we have a
step geometry rather than a flat obstacle, but, on use of stored power

considerations, we may solve for the yll for the flat obstacle case
and then take ••

0'. -055 (2.35) •

for the susceptance of the step. This procedure was described in detail ,.)•

4...

in Appendix A, in Sec. B, 3 there, where it was applied very successfully. •,',
The wusthficatlons will therefore not be repeated now.

The romaineng considerationbistall ther Her e h eory requires

that the obstacle be far from the walls, in addition to being small, and
•'that here the qbstacle is located a~t the wall. That situation was also

cpresent in the asymmetric strip antenna, where the coupling steip was

located at the wall. As explained there (Sek. 0, 3 in Appendix B) in

• ~d~tail, this difficulty is overcome by employing symmnetry. One recognizesthat the actualoce of t he tepwall in the actual guide is equivalent

,.'. to a centered obstacle of twice the width in a waveguide of twice the
width, with a hinher order mode incident such that the mid-plans is an
Telectric wall. The calculation should then reflect this consideration.

The appropriate small obstacle theory has been discussed in some

detatl in Sac. C, 3 of the wlport in Appendix B, so that we shall not
repeat the details here but instead aollow the procedure described there.

After reducint t ae general expression to scalar fogm, as appropriate to
tthe problem here, we may write, from iq. (25) of Afpendix B,

idh with a h ede -i suh (t.3is)
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, " 4
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For our problem, i and j are 1 and 3 , and

m .=- ( -a')' (2.37) ,
4L

At the obstacle locatiov, x - -a/2 , the mode functions (2.9), (2.13),

(2.' and (2.25) reduce to

3-- - (2.38)

""V Mao (2,30)

The z dependence is dropped because of the complex coajugates appearing

in (2.36). Finally, we need the characteristic admittances Y and Y3 ,

which are given by (2,20) and (2.32), respectively.

Using (2.37) through (2.39) together with (2.20 and (2.32), we find
from (2.36),

X (4- (k)' (k,2- ,') (2.4o):" Mt == Z m;• 24

We also learn from the discussion in Sec. C, 3 of Appendix B that

in Sec. C, 3 of Appendix B that the traneformer turns ratios n and0

n3 appearing in the coupling network in Fig. 2.1 are related to the

susceptance elements yll and Y33  by

MI h-yI, no no (2.41)
Yes -- y, .• n.1 ( 2.,4 2)

- 2I



In view of (2.40) together with (2.41) and (2.42), we obtain .L

no • n o -1 (2.43)

where the superscript o signifies "obstacle."

Ný; Based on this approximate theory, the coup~i' network has become

particularly simple, with the turns ratios becoming equal to unity and

the susceptance element y,, being given by (2.35) together with (2.40).

(e) The Dispersion Relation

The theoretical approach employed iii this analysis has as its con-

"cious goal a simple approximate transverse equivalent network with closed-

"form expressions for its constituents. As a result, the dispersion rela-

tion that corresponds to a free resonance of this network will be simple

in form and have all its elements in closed form. At the same tiLme, the

derivations have attempted to maintain reasonable accura-.y while striving

for simplicity. The principal approximation relates to the coupling net-

work, where the value of susceptance ll may be on the low side, with the
result that the value of C , and therefore the beam width of the radiation,

may be a bit smaller than the actual value.

Almost by inspection of the transverse equvalent network in Fig. 2.1,
we may write down the dispersion relation as

bY, c + -- +1 •--+ o (2.44)

-it Y, cot ky) +-YJ
2 (8

where coupling susceptance •Ii is given by (2.35) together with (2.40),

characteristic impedances Y3  and Y by (2.32), Y and Y1 by (2.20),

and turns ratios n and n a by (2.34) and (2.33), respectively.
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.1 3. Derivations for the n 2- 2(Even) Leaky Mode 0V1

There is much in these derivations that parallels those in Sec. R, 2

above for the n w 3 mode, but there are also important differences. In

the derivations below, we point out these differences where they occur.

(a) Wavenumber Considerations to Demonstrate Leakage

We first note that the incident transverse mode is the i 2 mode,

and that it couples at the step junction to the £ - 0 mode. K~

All of the other even modes, i ý, 4, 6, ... , are also excited, but

they only contribute to the reactive content of the step junction. To

show that the higher even modes leak, and in particular the n - 2 mode,

which is the first higher even mdwe parallel the derivation for the

n - 3 case. We should note that Nakahara and Kurauchi [ 9 did not con-

2 sider the even higher modes.

To understand the. behavior of the 1 0 transverse mode, i.e.,

whether or not it is above cutoff transversely, we first write

a

-) a

since

and

kO -k + k~jo -k2~ 4 (kj,I*)1 (2.48)

64-

N' .v



m

because k -k 0. The 1 0 transverse mode is akin to a TEN mode
xo xotraveling at an aingle between parallel plates, so that there is no field .. \%

variation arross the plates. From (2.45) and (2.48) we observe that

(k4 ~ 2 , k~+ (2.40)

From (2.49) we conclude thatI

and that

F.A(kv 1,)g > ki,, > ( 2.51) K-

so that both ky Lii k' are real. An interesting difference betweenyo yo
the even and odd mode cases is that in the even mode case there is no re-5,"

gstriation necessary, like (2.8) in the odd mode case.

Since k' is always real no matter what therai a'a isth

even modes will be leaky under all conditionn. Furthermore, the powbr

that leaks has no x: dependence, and it propagates at an angle away from

the groove region like a TEN made.

(b) The Mode Functions and the Field Components

The form of the transverse equivalent network for the n -2 evenA
mode is identical to that for the n - 3 odd mode, but the constituent

transmission lines are different (now involving the i - 0 and i - 2

modes), and the ex~pressions for the constituent elem~ents aedifferent,

of course. For convenience, the transverse equivalent network is given .

in Fig. 2.2, .,
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Fig. 2.2 Transverse equivalent network for open symmetrical grzoove A.';
g~ide,, cc•responding to exc4,t . .L•n in the first higher

even (n 2) longitudinal mode~. The neL>•:. . shows the coupling be-
tweent the ± 0 and i = 2 even transverse modes, and has been •

placed on its side for clarity.

The modes carried by the i - 0 and i., 2 t.ransmission lines in I ,

* Fig. 2.2 are again H( '-ty-pe modes, and the mode functions and field

components for them are now listed below. The transmission direction

for these cransveise modes is again% y.

For the i - 0 *ransverse mode

YOns I Y;

1"(')---0 VO n"(•
t•,oC•.z)~~ 

0--• ''"(.3

k~ 06 -y



h,,(,.z) =0 o(2.54)

,. o(2.55)

. ,. - ~ ,-A,'(2.58)

, -0 (2.58)

(2.80)

ks 'h.,,• - o(2.60)

NH,.(gv,z,) - 0.V(/ --

HN.(z*yc) Y. V.(Y) k.(2.61)

--4(Y) hio(..z) (2.62)

with

-. - - .(2.03)



For the 1 - 2 transverse mode

(• Z) - cos - - (2.84)

v -- - k. o s V - W, ( 2 .6 5 )
-

' sin •_• 0 (2.67)
h,(z#)= k.2- k,% • a a a •

vla- k•.a a L

hy2(-,2 ) V k,2 cos - (0.83)

E=2xy: V2(y) e,2(x,z) (~g

E.(z,•,z) - o (2.71)

Ji9(xii,:) =i In(y) h,2(zx,) (2.72)
kyak,

Y2 Y'2 V2() k.2 Ak(:, (2.73) f

,. = 2 (i) h,c(x,z) (2.74)

with

wt"fh

- , (2.75)
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(c) Turns Ratios for the Step Junction

aThe two turns ratios in Fig. 2.2 for the step Junction are n and
n for the i - 0 and i = 2 transmission lines, respectively.

Recognizing that the turns ratio is s.mply the ratio of voltage terms

on each side of the step Junction, and following the procedure described
in Appendix B, we find for the i 0 mode, using (2.52) for the required

mode function,

n -(2.76)

and for the i - 2 mode, using (2.64),

sl.ie ' (2.77)

* (d) The Coupling Network at the Step Junction

As for the n - 3 odd mode case discussed in See. B, 2, we employ
a simplified form for the cotupling network, shown in Fig. 2.2 emerging
at an angle, consistent with a small obstacle tbeory approach. The coup-

ling network couples i - 0 and i - 2 tranamission lines, and the effect
of the higher even modes excited at the step Junction is lumped into sus-

ceptance element y

The discussion presented in Sec. B, 2 for the coupling network ap-
plies here as well, and the procedure outlined there and in Appendix B
have been followed in the derivation of the coupling elements. Equation

(2.36) is employed here also, except that 1 atid j now correspond to
o and 2 . Polarizability term m is still given by (2.37). At the
obstacle location, at x -- a/2, the mode functions (2.52), (2.62), (2.56)

and (2.68) reduce to
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__ (2.78)

The z dependence is dropped because of the complex conjugates present

in (2.36). We also need the characteristic admittances Y 0and Y,,

which are given by (2.63) and (2.73).

Using (2.37), (2.78) and (2.79), together with (2.63) and (2.75),

we obtain from (2.36)

1'e -j(e-k (2.83)

we find that the "obstacle" turns ratios become

L ,, I 2 (2.84)

Finally, following (2.35), we write

Flo~~~ Yo 2.

We now have expressions for al.l the elements of the complete coupling

network, with susceptance element y 00obtainable from (2.85) and (2.80),
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*and the "obstacle" turns ratios no and n 0 given by (2.84). It is in- ,1.

teresting to note a difference here from the n0  terms for the n -3

mode case. There, both turns ratios were equal to unity; here, one ot'

them differs from unity.

4 ~(e) The Dispersion Relation *

By virtue of the simple form of the transverse equivalent netwurk,

4 the dispersion relation is again simple. It becomes

Y9~ ) caIY + 1t I
~ jY. cot kN4 -+ 1"- ,

where the coupling suscepcance y is given by (2.80) together with

(2.85), characteristic admittances adY by(.3,'2 a 2 ~ ~

by (2.75), and turns ratios nL n~ and n 0 by (2.76)., (2.77) and

(2.84), respectively.

The general remarkcs made in connection with the n -3 (odd) mode

apply here as well.

1K
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C. ANTENNAS BASED ON THE n - 2 LEAKY MODE

1. Antenna of Simple Configuration

In Sec. B, 3, we presented derivations of the expressions for the

constituents of the transverse equivalent network representative of the

n w 2 higher mode of groove guide. Some of the properties of this mode

were presented in the second of the two short papers in Sec. B, 1.

The n - 2 mode, which is leaky, possesses a modal symmetry akin

to that of the second mode in rectangular waveguide, i.e., the vertical

mid-plane is an electric wall. This modal feature permits us to bisect

the groove guide structure vertically, and to then place a metal wall at

this bisection plane without disturbing the field distribution. The re-

sulting structure then takes the form shown in Fig. 2.3. That structure

is now fed in the groove region in the i w 1 transverse mode, which is

of course identical with the i - 2 mode in the unbisected groove guide.

The behavior of the n - 1 longitudinal mode in the bisected structure

of Fig. 2.3 is thus the same as that of the n - 2 mode discussed above

in Sec. B for the full symmetrical groove guide.

It is interesting that the structure of Fig. 2.3 may be viewed from

two points of view. One is the evolution indicated above from, the first

higher even mode (n w 2) of the symmetrical groove guide, which we have

"shown in Sec. B is leaky. The second viewpoint is that we have a modified

groove guide that supports the dominant mode, which is purely bound in a

symmetrical structure, but that the structure has now been made asyMMetrl-

cal, thereby producing the leakage, The second point of view relates the

mechanism of leakage to that employed in Sec. A for the asymmetric strip

antenna. From either point of view, however, one readily sees that the

bisected structure of Fig. 2.3 has the advantage of possessing a particu-

larly simple configuration.
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N.k

Fig. 2.3 Cross, section of groove guide bisected vertically, resulting
in a new type of leaky wave line source. Electric field
directions are shown for the incident i a 1 transverse
mode and the leaking 1 - 0 transverse mode.

Fig., 2.4 Tr~ansverse equivalent network for the structure in Fig. 2.3,U

but bisect.ed hodIzoutally to take further advantage of sym-

metry. The network shows how the leaking I - 0 transverse mode couples

to the incident i - 1 transverse mode. (The ± * 1 mode in the bi-

sected structure in Fig. 2.3J is the same as i - 2 ,node in the full

structure.) As in Fig. 2.2, the network is placed on ito side for clarity.
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Either mechanism can be employed to explain the leakage, but we al-
ready have a solution based on the former mechanism. The transverse

equivalent network in Fig. 2.2 is therefore valid here, but we need to

change the modal identifications from i - 2 to i - 1 whenever they

appear, in recognition of the fact that the structure of Fig. 2.3 is

fed in its dominant mode. Those changes have been made in Fig. 2.4.

A variety of numerical calculations were made for this structure.
The values of a and 3 were determined as a function of frequency, b/a

and a'/a, to ascertain how much leakage would be obtained and to seek

the cross-sectional aspect ratio that would yield the beat performance,

Curves of /k and ý/k0  as a function of b/a were presented in

the second of the two short papers in Sec. B, 1, but they will not be

repeated here. Those curves hold for a specific ratio of a'/a and

for a specific frequency, The a'/a value of 0.60 used there was found

to be about optimum, but the value of 64 G•z, corresponding to

a/2 w 0.50 cm, is quite far from cutoff. If we had made the calculations

only somewhat nearer to cutoff, but still not close to it, we could easily

have doubled the value a/k 0 , Curves of m/ko and O/k° as a function N_

of a'/a, for b/a fixed at several different values, show that the leak-

age constant peaks when a'/a is near to 0.6.

The conclusions that we draw from these calculations are the following.

1) The structural aspect ratio that seems to yield the largest value

of leakage constant is indicated in Fig. 2.5. Although the structure could

be fabricated without difficulty (there would be a metal piece at the bottom

to hold the two pieces together and to insure radiation from one end only),

it is seen that the two step junctions are pronounced and not far from each

other. The theory we employed assumed that the step junctions were effec-

Lively isoLated from each other, and that small obstacle theory would be I:,

appropriate. lhese optimized dimensions thus correspond to a structure

that may be outside of the range of validity of the theory employed.
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a/2

Fig. 2.5 The structural aspect ratio that yields the largest value of
leakage constant for this type of leaky wave str'ucture. The
dashed line shows the corresponding aspect ratio found by the
alternative (tee stub) theory discussed in See. D.

A1',

For this reason, we used an alternativYe and very different theoretical

approach for thi~s st'ructure, based an a too stub on a parallel plate guide,

and descrLbed in See. D. The optlinum dimensions Jfrom that approach were

not that much different, it turned out; the a'/a r:atio was just about

the same, but the b/a ratio was increased somewhat. The altered aspect

ratio is shown by the dashed lines in Fig. 2.5.
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2) The magnitude of the laakage constant is smaller than we would

like. Assuming a slightly lower operating frequency so that the maximum

value of a/k would be about 3 x 10- , we find via (1.2 ) and (1.3).
0that the largest beam width we could achieve is slightly under 20. Al-

though this result is satisfactory for many applications, greater versa-

tility would be available if the a/k values were larger. The diffi-

culty relating to the low values of leakage constant may relate to the
shape of the structure, or it may be due to the use of small obstacle

theory beyond its range of applicability, in which case the predicted

theoretical values for a would indeed be lower than the true values.

Since we did not know the actual reason for the difficulty, we took two

parallel paths:

i) We modified the cross section of the structure by adding strips

to project from the step junctions in order to increase the value of a;

a discussion of that structure, its analysis,, and some numerical results

are presented next, in Sec. C, 2. h

ii) We pursued the alternative theoretical approach mentioned above,

and discussed in Sec. D. We found there that the maximum value obtainable

for a is much higher than that found by using small obstacle theory, im-

plying that the small obstacle approach may be inadequate in this range

of dimensions.

On the basis of all the studies conducted so far, it seems that the

structure of Fig. 2.3, which has the great advantage of structural aim-

plicity, may well yield a practical leaky wave antenna. As we see later,
more work needs to be done, and perhaps some measurements of a are in order.
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2. Antenna with Added Strips

The analysis we employed (Sec. B, 3) for the leaky structure in
Fig. 2.3 indicated a value of leakage constant a that is lower than we

:: would like, as discussed above in See. C, 1. On the asaumption that the

analysis is accurate, we then tried to increase the value of a by modify-

in& the cross section of the structure. We added strips that projected from

the step junctions, thereby effectively enhancing the influence of the

step junctions in converting power from the i - . transverse mode into

the i w 0 transverse mode. The cross section of the resulting structure

is shown in Fig. 2.6, where the projecting strips are of width S.

The transverse equivalent network for this modified structure is

taken to be the same in form as that for the structure without added
etrips, shown in Fig. 2.4, the difference lies in the value of the coup-

ling susceptance y, which now has contributions from both sides of the

step junction. The modes in the two regions, and the turns ratios n' ,

are the same as before the strips were added. We therefore need to dis-

cuss the derivations for the susceptance y only.

The coupling susceptance y can be written as

Y 7Y 0 0  2 Yoo (2.87)

where the contributions from each side of the strips are regarded as in-

dependent and equal to one half of the susceptance that would be obtained

if each of the discontinuities were symmetrical separately. For the un-

ptimed side, of guide width a/2, the susceptance element is derived from

(2.36) with i and j being equal to 0 and 2, and with the mode func-
tions still given by (2.78) and (2.79). 'rho polarizability term m, taking

the added strip length 6 into account, now becomes

a- a# (2.88)F %
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II .

a'/2

Fig. 2.6 Cross section of proposed new leaky wave groove guide
structure with added strips to increase the leakage

constant. The added strips enhance the conversion of

power from the i w 3. to the i - 0 mode.

When the mode functions from (2.78) and (2.79), and the characteristic

admittances Y0 and Y2  from (2.63) and (2.75), together with the new

value of m from (2.88), are all placed into (2.36), we obtain

lug --29 .. m- .2y + 5) (ko'- k,2) (2.a)
- 782
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From relations (2.82) and (2.83), which are also still valid here, we find

as in (2.84).

On the primed side, of guide width a /2, expressions (2.36) for the

suseeptances, (2.78) and (2.79) for the mode functions, and (2.63) and

(2.75) for the characteristic admittaLnces, are all still applicable when

the quantities involved become primed, meaning that they correspond to

the guide of width a /2, rather than a/2. The polarizability ml must

be separately specified, however, and it is readily seen to be given by

When all of these quantities are appropriately inserted into (2.36).
suitably modified, one finds

(u)'um , k -flk)m.. ) (2.93)

The total coupling susceptance yis then senn to become, on use of

(2.87) together with (2.89) and (2.92), 'A

p- -(k.1 - k.2) L'++62(2.04)

2WIA 0 4

With the other turns ratios n 0 an n2 given by (2.76) and (2.77), we

now have available all the constituents of the transverse equivalent net-

work of the form in Fig. 2.4. We understand that the 1 2 quantities

itsed above apply to the second mode in an unbisected groove guide~, whereas

the i u 1 terminology in Vig. 2.4 is intended for the i I mode in ~.
the bisected structure; they are, of course, equivalent.
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The complete transverse resonance condition, or dispersion relation,

then becomes

c o io k~ Y~ + +

2 
- 0 (2.95)

Ir~~~ 
____-- 

2
+ jJo;•cotk- ( k + ()

2 a at k.g 2 n: kJ1

A variety of numerical calculations were made for 1 and 8 as a func-
tion of the dimensional parameters. It is no longer feasible to specify

a single optimum set of dimensions as a larger 6 obviously means a larger
maximum value of a. But the values of a'/a and b/a also strongly affect

the results. It turns out that a value of 6/a as small as 0.05 can double
the value of a in many cases. With 6/a - 0.10 or 0.15, the value of ,
can be increased five-fold. One of the curves of S/k° vs. b/a is

shown in Fig. 2.7.

It is clear that, if the value of a is really too low, the addition
of small strips in the manner shown in Fig. 2.6 can greatly Increase the

value of a. Small values of 6 can have an important influence on the
leakage constant. The structure is harder to fabricate than the one with-
out added strips, cf course, but there may be simple ways to include the
added strips. One way is to make the structure in two parts (assuming an
ultimate direct connection on the bottom). One part consists of the var- .
tical stub section of height b plus the horizontal parts of the groove J

region, including the added strips, which are made as a direct extension a
of the lengta (a-a')/2; this part resembles a squarish "c" or a "u" on
Uts side. The other part is the rest of it that holds the first part in
place.

At any rate, the key question is whether or not the added strips are

needed in the first place, i.e., whether or not the valuet of a i3 really
Low. The alternative theorettcal apprrach in Sec. D discusses this ques-

tioa, and concludes that as can be quite high if required even without the

added strip . .o. ,

8)-k
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S .~&/2 I.

o 4 x 10-3  /a -0.80.

i5/S 0.180 ~d.4.q

ra 0.47

2x 10'3

0 1.0 2.0

b/a.

Fig. 2.7 Curve of leakage constant 01 as a fuunction of the dimensional
ratiuo b/a for the structure with added strips given in Fig. 2.6.

The dimensional parameters are indicated in the inset.
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D. ALTERNATIVE THEORETICAL APPROACH FOR THE n 2 LEAKY MODE ANTENNA

The aspect ratio of the optimized leaky structure shown in Fig. 2.5

suggests that tt resembles a tee stub on a parallel plate guide. From

that standpoint, it is easier to understand the behavior if we rotate the

structure through 90:, as shown in Fig. 2 .8. o

The structure is excited in the stub guide, of width b and length
(a-a')/2, in the TEM mode. Of course, we impose a variation with z ,

which is the axial (longi.tudinal) direction, as always, so that the wave

is really a TEM wave at an angle. Because of the symmetry, the field

incident from the stub guide leaks into the two "main" arms of the par-

allel plate guide in antlsymmetric fashion, as shown in Fig. 2.8 for the

electric field. The dimensions of the main guide, of width a'/2 , are

such that only the TEM mode (at an angle) can propagate, and all the other

modes are below cutoff.

This approach and the previous one used for groove guide are con-

pletely different. For example, the upper and lower stubs in the bi-

sected groove guide are now the arms of the main parallel plate guide.

Also, the transmission line representing the wider guide region was in
the same direction as the other transmission lines in the groove guide

approach, but here it is perpendicular to them. The domains of validity

for each approach are therefore different; the approaches are complemen-

tary rather than overlapping.

In priVLciple, and conceptually, the stub guide approach is simpler.

What is needed is only an accurate representation for the tee junction

itself. There is no ueed for H-type modes, etc., and only one mode is

required, rather than two. One possible transverse equivalent network

that is representative of the structure is shown in Fig. 2.9. The

transmission line representative of the stub guide has length (a-a')/2, %

and the main guide arms are infinitely long. Each transmission line

corresponds to the transverse wavenumber k in the y direction, where
yo
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2.

Fig. 2.8 The bisected groo~ve guide structure in Fig. 2.3 (or 2.5)

as a E laneteestub an a parallel plate waveguide.

AY

4,- Fig.2.9 A tansvers equivaen netorkcrepnigt h

Fig.2.9 Atrunsterse inquig.a2ent netwokoresoning ontom of thetr

representation for the tee junction itself.
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Ssince there is no variation in x (across the widths) in these TEM modes

at an angle.

"The first representation for the tee junction that we tried was the

one given in the Waveguide Handbook [20], Sec. 6.1, pp. 337-341. The,.• structure corresponds directly, and the network representation is close

to that shown in Fig. 2.9 but not quite the same. Since we must take a

resonance of the transverse equivalent network in order to obtain the

dispersion relation for the longitudinal leaky mode that results, we

"-require analytical expressions for the elements of the tee junction. The

problem with the representation in the Waveguide Handbook is that theThpcrvesgie n threpres accuateiwaofo thatul imtdhwves
analytical expressions are valid only in the static limit, b/X " 0 0

• The curves given there are accurate away from that limit, however, so

A' that we can assess the numerical error in, say, the most important sus-

ceptance elemedt, Bb/Y , in their network (similar, but not identical,

"to B L/Y in Fig. 2.9). For 2b/X, a 0.6 , a typical case, for the ratio

of stub guide width to main guide width (b'/b in their notation, b/2a'
"in ours) equal to unity, we find that Bb/%o - 1.36, instead of 0.86 when

the static limit is used. For a narrower stub guide, say, b/2a' - 0.67.

the comparison is Bb/Yo = 0.84 vs. 0.66, which is not as bad. For nar-

rower stub guides, therefore, the Waveguide Handbook expressions should

yield result3 that are reasonably reliable. On the other hand, the geo-

metric aspect ratio is less interesting in that range.

Nevertheless, we obcained 3ome numerical values that were surprising
when we compared them with corresponding previous vesults. Three examples

are:

84
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Stub Guide Groove Guide
Method Method

b 2b_

a a' k k k0 a 0

(xl0 2 ) (xl02)

0.40 1.33 4.94 0.847 0.082 0.865

0.20 0.67 4.36 0.872 0.145 0.845

0.10 0.33 2.50 0.878 0.134 0.812

In these numerical examples, we compare corresponding sets of values com-

puted using the Waveguide Handbook analytical expressions for the first

set of numbers and the expressions in Sec. B, 3 for the second set. We

note that the a/k values are the ones that seem very different, the
0

stub guide method yielding results more than ten times the earlier numbers.

It is true that for smaller values of b/a the groove gu-.de results are not

reliable, and that for larger values of b/a the static limit expressions

from the Waveguide Handbook are inaccurate, so that the above comparison

cannot be trusted. We therefore sought better network representations
for the tee junction.

The next representation chosen is that shown in Fig. 2.9. It is

adapted from the one given in an old comprehensive report 121] on equiva-

lent circuits for slots in rectangular waveguide. That report contained
the output of a group comprised of J. Blase, L. B. Felsen, H. Kurss,

N. Marcuvitz and A. A. Oliner. This representation, and expressions for

its elements, are given on pp. 122-125 of [21]. The earlier work applied

to a more complicated structure in which a slot was present at the stub

junction plane, and these expressions were found to be accurate for most

of the range of slot dimensions when the ordinary rectangular guidc aspect

ratio was used. For our case, the "slot" is wide open, but we need to

mc-iify the guide dimensional ratios.

A symmetrical tee network requires four independent parameters for

its characterization, but only three appear in Fig. 2.9. If one employs
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the transformer format, an additional series element is present just above

the transformer; however, we have found that the reactance of that series

element is essentially zero, and that the element can be neglected. Of

the three remaining elements, the expression for the turns ratio nc is

simple, and that for Ba is not complicated either. The dominant element

is that of BL where L signifies "longitudinal." The expression we

derived many years ago is in the form of Bt, the susceptance of a trans-

verse aperture coupling two waveguides, plus a correction term. The correc-

tion term accounts essentially for the presence of the wall opposite the

tee stub junction, and the absence of the top and bottom walls that would

be present for the transverse aperture. In the slot-coupled tees analyzed

years ago, the correction term was small relative to the other terms.

When the expressions taken from the report [211 are reduced appro-

priately to our case, and the notation changed to accommodate to our pre-

sent notation, we obtain for the elements of Fig. 2.9:

"ti 2 ) kvb (2.97)

if £. b (. k J ±.± (.8
1, 0 a' 2

where J is the r, sel function of order zero, and

BL __kV*a ib +k,, a' ~
__ - + - on 1.43 +-2f

Y, In at 2ff 2 2

+ -I- k b (-) Jg' (Tb) (2.98)
32 a# 2

From stored power considerations, we are hble to identify the first

cerm in (2.99) as equal to one half the susceptance of a transverse ca-

pacitive aperture in a waveguide when the aperture involves only a re-

duction in height. The third term is seen to be one half of B a/Y , and

the second term is the "correction term."
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For an ordinary rectangular waveguide E-plane tee junction, for which no

slot is present and for which the stub and main guides are identical, the

first term in B /Y becomes zero, so that the correction term alone be-
La0

comes equal to BL/Yo + (1/2)Ba/Yo. For the special values a 0.900"
L a

b - 0.400 , where a and b are the usual rectangular waveguide dimen-

sions, and for a free space waeeghX- 1.2606 threusofce

ful measurements are available for B a/Y and B L/Y + (1/2)Ba /Y . These

two quantities follow directly from measurements because they correspond

to what occurs when the network is bisected with au open circuit and a

short circuit, respectively.

Comparisons between the measured results and the corresponding quan-

-- 0

Ba ~-0.096 -0.108 ',

These agreements are actually quite good, and would indicate that in this ,

range om dimensional ratios the expressions (2.97) to (2.99) are valid.
In particular, the correction term in L/Yo referred to above, which is

0L 0

always under suspicion, seems to be reasonably reliable. The measured
values are taken from curves on pages 173 and 175 of reference [21t .ith

Using these expressions, we may readily obtain the dispersion relation

from the network in Fig. 2.9. By taking the input admittances looking in

both directions from reference plane T in Fig. 2.9, and summing them to

zero, we find
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cotk a-a. B 1 (2.100)
2b 2 Y, 2 Y

When expressions (2.97) to (2.99) are substituted into (2.100), we obtain

for the dispersion retation

2'ky, irb 2 
,, a' 2

+ k •. ( k+a' ) -o (2.101)

Since the equation is complex, a complex value will revult for ky, and '"yo
the solution will correspond to that for a leaky mode. The real and ima-

ginary parts of k., from (2.96), are the phase constant 8 and the leakage .9

const•ant OL.. ,

We have not as yet systematically investigated the parametric depen-

dance of a and a on the various dimensions, but we present in Fig. 2.10

curves of c/k° and 8/ko as a function of b/a, when a'/a = 0.6,

which was found in Sec. C, 1 to yield higher values of a than other ratios.

The dispersion relation (2.101) is seen to yield very high values for a

as compared to those found in Sec. C, 1. They are in fact not that much

different from the values reported above, which were obtained from the

Waveguide Handbook expressions, and which we felt we could not trust be- b%

cause they were valid only in the static limit.

The curve for a/k in Fig. 2.10 was computed at the same frequency
0

and the same value of a'/a as the one in Fig. 4 of the second short

paper in S6c. B, 1, and it can therefore be compared with it. We inus.

be careful about the scales, however. The range of b/a in the abscissa

in the above-mentioned Fig. 4 is very wide, going from zero to 2.0, whereas ,

the one in Fig. 2.10 only goes up to 0.4. Within the smaller range, how-

ever, the curve shapes are similar, although the maximum for a/k movws ,._-:
to b/a - 0.35 from 0.20. Missing in Fig. 2.10 are the nulls that Appear
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in Fig. 4 that we know must be correct, but the stub guide theory cannot

yield them because those dimensional ratios are outside of that theory's

range of validity.

Equally striking, but in a different way, is the behavior on the

ordinate scale. Here, we find that the values of a are more than twenty

times the values found in Fig. 4. It is difficult to understand the reason •

for such a large discrepancy. Upon noting these differences, we tried to K 1

use another equivalent network for the step junction, to see whether another i

and separate calculation may reveal different results. With respect toS/k the curves in Fig. 4 and in Fig. 2.10 appear to correlate reasonably

well with each other, although one cannot be sure because of the scales in- K.."

volved; on the other hand, it is the contrasts in a/k that are more
•0

interesting.0

The yet-another transverse equivalent network referred to just above
is shown in Fig. 2.11. It is in a simpler form than the one in Fig. 2.9 .•.'

because the reference plane locations in the main guide he maibeen shifted
(although that does not affect the dispersion relation since the main•";

guide arms are matched). It was used with dramatic success in its appli-

cation to narrow radiating slots in the broad face of rectangular wave-

gul.de [221. That range of dimensional parameters produces a different sOX

field in the slot than we would find in the open stub case we have now,

so that it may not be safe to extrapolate the expressions to our case.

Nevertheless, we know that the network was excellent there, and we shall

see what it yields for us, giving us another cumparison.

The expressions for the elements of the network, after modifying the

notation appropriately to apply to our case, become

- (2.102)

CC + +- (2-103)
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Fig. 2. 11 A second transverse equivalient: network correspondi~ng to [•"•
t~he structure in Fig. 2.8, containing a ,,implified form"A•.'
of network representation for the too junction itself.

V 0 0

These expressions are a bit simpler than those in (2.97') to (2.99); in
(2.103), the first termn is t•he same as the fir=st: term in (2.99), but
the last two te con here correspond to a "correnttwo term.r

When the transverse resonance relation is applied at raferenk~e plane
thin Fit. 2.11, wgifind

" "go (40-= + -L, -+ 0 (2,.104)

which becomes, on use of (2.103),

T in •) Fig . kW.e_ fid+
-i b, co +t + "%'- 2 1 (f.0o)

which becomes,) on2.e1f05)13)

21 G 2w
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Numerical values for a/k and B/k computed via the dispersion

relation (2.105) for the same parameters as the curves in Fig. 2.10 are';

shown in Fig. 2.12. Although there are small numerical differences due

to the different network expressions, it is clear that the shapes and the ,

dependences are very similar. The large values for a are also found now.

4N.

One feature that is mildly disturbing here is that, in the numerical

calculations from both (2.101) and (2.105), the term contributing most

strongly in each case is the "correction term," which is assumed to be

small under most circumstances. if the correction term is not evaluated
accurately, however, there could be a small numerical error introduced,

such as the differences appearing between the curves in Figs. 2.10 and

2.12, but the major pattern should not be affected. .

After the substantial efforts put into the topics discussed in Secs.

C and D, we feel that we are still not completely sure of the validity of

the various results, particularly because it is difficult to understand

why the discrepancy is so large between the results obtained via the two

different approaches (in Sec. C and in Sec. D). Some s 4.mple measurements

should help greatly in this connection. The studies in Sec. D, on the

other hand, are encouraging with respect to the potential utility of the

leaky structure shown in Fig. 2.3. Its simplicity of form should enhance

its attractiveness for millimeter wave antenna application, and its prac-

ticality would be assured if the numbers in Fig. 2.10 are indeed accurate.

r.1, 4..
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PART III. ANTENNAS BASE) ON NRD GUIDE

A. THE FORESHORTENED-TOP ANTENNAS ACCURATE ANALYSIS

AND NUMERICAL RESULTS

1. Summary of Principal Features , •

2. Derivations of the Constituents of the

Transverse Equivalent Network

(a) The Modes Employed
(b) The Air-Dielectric Interface
(c) The Radiating Open End

(1) Summary of Weinstein's Formulation
(2) Analytic Continuations r 77

(d) The Dispersion Relation for the Leaky Mode A

3. Numerical Results X. r "

B. THE FORESHORTENED-TOP ANTENNA: PERTURBATION ANALYSES 'A .

1. Procedure Based on the Transverse Equivalent Network I,. * •

2. Simpler, Reflection Coefficient, Procedure ,

3. Comparisons with Accurate AnalyNis

C. THE FORESHORTENED-TOP ANTENNA: MEASUREMENTS

1. Measurement Procedure

2. Measurements Taken by Yoneyama

3. Comparisons with Theory

D. NEW ASYMMETRIC ANTENNA

1. Principle of Operation
2. Analysis and Numerical Results
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III. ANTENNAS BASED ON NRD GUIDE i.

The second basic low-loss waveguide on which new leaky wave antennas

were designed is the NRD (or non-radiative dielectric) waveguide discussed

in Sec. I, B. As indicated in Sec. 1, A, two different approaches were

used to produce the leakage; one involves foreshortening the top of the

guide, whereas the other relies on asymmetry to cause the leakage. At-

though both approaches were employed with NRD guide, most of the time and

effort was spent on the foreshortened type of antenna. The structure em-

ploying asymmetry was an outgrowth of an experimental difficulty originally

encountered with measurements on the foreshortened structure, and its ''

analysis took place only at the end of the contract period. Nevertheless,

a discussion of the structure based on asymmetry, and ,ome numerical re-

suits for it, are included here.

Although the original contract does not call for any measurements to

be made, an experimental phase was introduced because our theoretical re-

suits differed by almost a factor of two with measurements taken a few

years ago on a sorewhat similar structure (actually, an H guide that ra-

diated from both ends). Also disturbing was the fact that approximate

theoretical calculations were made at that time which showed better agree-
ment with those measurements than with our theory. Our theory is almost

rigorous (with the "almost" explained later), but we could perhaps have made

some inadvertent error. We were concerned by the discrepancies, and we

therefore wished to perform our own careful measurements.

It turned out finally that our theory is indeed correct, and that the

earlier measurements and approximate theories were wrong. We explain below

why that was the case. Experimentally, our theoretical values were verified

in two ways. One way involved our own measurements, which consisted of

direct field probing along the length of the antenna aperture. The second,

completely independent, measurements were taken at our request by Prof.

T. Yoneyama of Tohoku University in Japan. Both sets of measurements agreed

very well with our theoretical results, as we demonstrate below.

-97-
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Before the results of our measurements and those of Prof. Yoneyama

became known, we derived some perturbation expressions for the values of

a and B of the foreshortened top antenna. Usually, a rigorous expression

is derived to serve as a reliable result asuinst which various approximate

theories can be compared. Here, we did the inverse. We had an essentially

rigorous result which we felt may be in question because of discrepancies L 4

with certain earlier measured and theoretical results (mentioned above).

We therefore derived approximate expressions to see how far off they were

from the essentially rigorous one. It turned out that nrmerical values
obtained from these approximate, perturbation expressions agreed much better
with our accurate results than with any of the earlier results, thus ser-

ving as an addition&l verification of the validity of our theoretical results.

Of course, these perturbation expressions are simpler to compute from

than the almost rigorous expression, so that they may themselves be found

useful for numerical calculations, at least in the early stages of a de-

sign. As expected, they are must accurate for smaller values of c and
when the guide is not near to mode cutoff. These perturbation expressions %

are therefore of value in their own right.

A short presentation of the theory underlying the foreshortened-top
NRD guide antenna appears in the Proceedings of the URSI International

Symposium on Electromagnetic Theory [23]. Another short presentation,

which stresses the microwave network features rather than the antenna "..,

aspects, is given in the Digest of the International Microwave Symposium
[24]. A version similar to the first presentation, but slightly expanded,

has been accepted for publication in Radio Science [25].

The first of these presentations is included in this Final Report "

because it provides an excellent summary of the principle of operation
of the antenna, a discussion of the main features of the almost-rigorous

transverse equivalent network, and a few typical numerical results. That

paper is given as Sec. A, 1 here.
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The work on the foreshortened-top antenna based on NRD guide is dis-

cussed here in Sees. A, B and C. The basic analysis together with numer-

ical data are presented in Sec. A.. In A, 1, we include the paper from the '.

URS[ Proceedings [23] because it provides a summary of the most important

features. No derivations are contained in that paper, however, so that

the derivations of the constituents comprising the transverse equivalent

network are given in Sec. A, 2. The numerical data appearing in the paper

are also necessarily limited, applying to one case, and presenting only the

variation of o and $ with d, the length of the foreshortened top section..

Additional numerical data, corresponding to other cases, and illustrating

the variation of a and (i with other parameters, are contained in Sec. A, 3.

The perturbation expressions are presented in Sec. B, together with

a summary of their derivations. Also included are curves showing compar-

1sons between the basic almost-rigorous theory and the perturbation ex-

pressions. Two basically different perturbation procedures were adopted,

one following the transverse equivalent network with both of its censti-

tuent transmission lines, and the other using only one Lransmission line

and startinig from a different basis. The two perturbation procedures are

treated in Sees. B, I and B, 2, and they are evaluated and compared numer-

ically with the almost-rigorous values in Sec. B,3.

Section C discusses the measurements, both the procedure and the

results. We first review the earlier measurements and the associated

approximate theory (both by 11. Shigesawa and K. Takiyama) to demonstrate

why we felt it was necessary to take these measurements. Then, in Sec.
C, 1, we present the mecsurement procedure itself, together with the de- i•'

tails of the structures that were measured, and the difficulties that we

encountered. The measurement procedure employed by Prof. Yoneyama, which

is the same as ours in principle, but which has a different feed mechanism,

is described briefly in Sec. C, 2. Also in that section are Yoneyama's

results and how they compare with our theoretical values. As will be

seen, the agreement is very good. In Sec. C, 3, we present some of our

own measured results, together with comparisons with our theoretical

curves; the agreement is seen to be very gratifying.
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Finally, in Sec. D, we describe the new antenna based on NRD guide

that employs asymmetry to produce the desired leakage. The basic structure

and the principle of operation are discussed in Sec. D, 1, together with

alternative structures and limitations. The theoretical analysis and •

numerical values for a typical case are presented in Sec. D, 2. Some

interesting performance features emerge, verifying their relationship in K•i
certain fundamental ways with the class of dielectric strip waveguides

analyzed previously [26,27]. Some of these calculations were made after

the end of the contract period, and it is these above-mentioned relation- _

ships that permitted us to continue these calculations under the support

of our Joint Services Electronics Program, on which the novel leakage

features of dielectric strip waveguides were originally found. These

relationships are alao discussed in Sec. D, 2.

*A ,'...,
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A. THE FOIT.SRORTENED-TOP ANTENNA: ACCURATE ANALYSIS AND NUMERICAL RESULTS

In Sec. A, 1, we reproduce a short paper that appeared in the Pro-

ceedings of thŽ URSI International Symposium on Electromagnetic Theory,

"held in Santiago de Compostela, Spain, on August 23-26, 1983 [231 That

paper contains a summary of the main features of this antenna, including

"its structure, its principle of operation, the almost-rigorous transverse

equivalent network, and results for one typical -ase.

Derivations of the constituents of the transverse equivalent network

are presented in Sec. A, 2. One first begins with the choice of transverse

modes that yields the simplest transverse equivalent network, not only in

form but also in the expressions for the constituent discontinuities. Our

choice, which we believe is the wise one, yields a dispersion relation in

closed form. Next, we treat in succession the two basic constituent dis-

continuities, the air-dielectric interface and the radiating open end. A

few additional remarks are then made regarding the complete transverse e-

quivalent network and the corresponding dispersion eque'ion.

Numerical data are included in Sec. A, 3 which illustrate the vari-

ations of a and $, the leakage and phase constants, with various geometric

parameters and with the dielectric constant. The results show that a wide

range of values of a can be achieved, so that one can select a wide radi-

ated beam or a narrow one, and that the values of a remain fairl; constant

with most geometric variations, as one wishes for easy leaky wave antenna

design.
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1. I Summary of Principal Features ,. .:.

ACCURATE THEORY FOR A NEW LEAKY-WAVE ANTENNA FOR

MILLIMETER WAVES USING NONRADIATIVE DIELECTRIC WAVEGUIDE

Ib "

by A. Sanchez and A. A. Olner
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Polytechnic Institute of New York
333 Jay Street

Brooklyn, New York I IZOI, USA

Present address: RCA Laboratories, Princeton, N.J. 08540 ,'
SJ

ABSTRACT. Ai, almost-rigorous analysic is presented for a new leaky-wave antenna
of simple configuration based ou a recent nonradiative modification of H guide and
suitable for millimeter wrvelengths. The analysis employs a transverse equivalent
network which yields a dispersion relation in closed form; numerical values are
p.recented for the phase and leakage constants, and for a typical example of antenna ." -

performance, .?*'"+.

INTRODUCTION numerical example for antenna performance.

Two papers appeared recently [T. Yoneyama The form of the antenna is also responsive to
and S. Nishida, 198 Ia and bl which proposed a new problems facing line-source antennas at millimeter
type of waveguide for millimeter waves, and showed wavelengths; that is, it is simple to fabricate since
that various components based on it can be readily it is composed of a single continuous open alit, and
designed and fabricated. By a seemingly trivi,Li it is fed by a relatively low-loss waveguide so that
modification, the authors, T. Yoneyama and S. the leakage constant of the antenna dominates over
"Nlshida, transformed the old well-known H guide, the attenuation constant of the waveguide. The an-
which had languished for the past decade and al. - tenna is also simple to design beciuse it is possible
peared to have no future, into a potentially practical to vary the leakage constant without measurably af-
waveguide with attractive features, The old H guide fecting the phase conmtant, and because our theory
stressed its potential for low-loss long runs of yields Plosed-form expressions for the leakage and ,-
waveguide by making the spacing between the metal phase constants,
plates large, certainly greater than half a wave-
length, as a result, the wavegulde had lower loss, PRINCIPLE OF OPLI1ATION OF THE LEAi{Y-
but any discontinuities or bends in it would produce WAVE ANTENNA
leakage of power away from the guide. Yoneyama
and Nishida observed simply that when the spacing The new waveguids, shown in Fig. 1, looks
is reduced to less than half a wavelength all the like the old H guide except that the s•acing between
bends and discontinuities become purely reactive; plates is less than half a wavelength to assure the K
they therefore call their guide "nonradiative dielec- nonradiative feature. In the vertical (y) direction,
tric wvaveguide. " As a result of this modification, the field is of standing wave form in the dielectric
many components can be constructed easily, and in region and is exponentially deeaying in the air
an integrated circuit fashion, and these authors regions above and below. The guided wave propa-
proceeded to demonstrate how to fabricate some of gates in the a direction. The leaky-wave antenna
them, such as feeds, terminations, ring resonators based on this waveguide is shown In Fig. Z. In Fig.
and filters. Z(a) we see that the antenna is created simply by

decreasing the distance d between the dielectric
These papers [,r, Yoneyama and S. Nishida, strip and the top of the metal plates. When distance

198 la and b I treat only reactive circuit components, d is small, the fields have not yet decayed to negli-
and no mention is made of how this type of wave- gible values at the upper open end, and therefore
guide can be used in conjunction with antennas. The some power leaks away. The upper open end forms
present paper serves two functions. First. it shows the antenna aperture, and the aperture amplitude
that a leaky-wave ,nte nn can be readily fabricated distribution is tapered by varying the distance d as
with "nnradiative ie tric waveguide, " and, in a function of the longitudinal variable z. The po-
fact, that It can be directly connected to the above- larization of the antenna is seen to be vertical in
mentioned circuits in integrated circuit fashion, if view of the electric field orientation in the wave-
desired. Second, it presents a very accurate theory guide.
for the leakage and phase constants of the antenna.
A key featux e of this theory involves an almost- The antenna is seon to be very simple inrigorous transverse equivalenc network, which re- structure. A side view of the antenna, shown in
quires two coupled transmission lines. Some Fig. Z(b), Indicates that the taper in the antenna
subtle features are involved in the derivation of the amplitude distribution is achieved easily by posi-
elements of this equivalent network, including the tioning the dielectric strip waveguide with respect
best choice of constituent transverse modes, an to the upper open end, and also that the fet.ding strip
analytic continuation into the below cutout uonain, can be readily connected to some other part of the
and modi coupling at an air-dielectric interface. milllrmeter wave circuit and therefore serve as the
in the discussion below, we present the structure output from it.
of the antenna, the principle of operation, an out-
line of the almowst-rigorous theory, and a typical
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ALMOST-RIGOROUS TRANSVERSE EQUIVALENT TYPICAL NUMERICAL RESULTS
NFTWORK

The dispersion relation for a and S of the
The antenna 1! analyzed at a leaky wavegulde leaky-wave antenna that was found from a resonance ',

which possesses a complex propagation constant of the transverse equivalent network In Fig. 3 con-
8-ja, where 8 is the phase constant and a is the tains elements all of which are in closed forn!, thus
attenuation or leakage constant. We thus establish permitting easy calculation. We have examined the
a transverse equivalent network for the cross sec- various parametric dependences of a and 8 on the
tion of the antenna, and from the resonance of this dimensions a, b and d, and on the dielectric constant
network we obtain the dispersion relation for the

B~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~c udcvle.Aalotigrueqiaetnt .in order to clarify design information. Here wewornd k values. An almost-rigorous equivalent ntt- present only a single typical case, corresponding to
work in prevented In Fig. 3, where it is soon that certain geometrical parumetar& given by T. Yoney-
two coupled transmission lines are required in the ama and S. Nishida 195lal. The behavior of 6

reprewentationd The reasone or twoaldnes is that and a areo hown inFtgn . 4 and(5 ior thisa.moer a ad
the waveguide modes are hybrid, and possess all unction of drstance d (see Fig. 2(a)). For distance
six field components in the presence of the radiating d>Zmm, one sees from Fig. 4 that the value of ,
open end. remains essentially unchanged, as desired. It is

seen in Fig. ýi that m increases as d is shortened,
eemploy as expected since the field decays exponentially

these transmission lines which represent the c€n- away from the dielectric region. Thus, the value of
stituent transverse modes, the lines will remain
uncoupled at the air-dielectric interface but will be a that one can achieve ans a very large range.
coupled together at the radiating open end. Cn the Leaky-wave antennas are often designed soother hand, the open end in uniform I.ongktudinally, ta 0/ fteicdn oe srdaeadte• ,"

and this geometrical arrangement suggests the use remaining 101% is dumped into a load. Following

of E -type and H(l)-type modes (alternatively this criterion, if one selects d a 2. 0 nun for this

called LSM and LSE modes, respectively, with re- geometry, the length of the antenna will be about

spect to the xy plane). Transmission lines repre- 40 cm, and ..- Loearm will radiate at an angle of

senting such modes will not couple at the radiating about 350 from ?'.o normal, with vertical electric

open end, but do become coupled at the air-dielec- field polarizat.in, and with a beam width of approxi-

tric interface. These two valid but alternative re- mately 10, A larger value of d will result in a

presentations were considered, and we chose the narrower beam whose value can be calculated from

second uf these as the simpler approach for our the curve for * in Fig. 4.

antenna,
nthetra nvseuvetewA somewhat similar antenna has been ana-

The transvezae equivalent network in Fig. 3 lyzed and measured rH. Shigesawa and K. Taki-
yam&, 1964; K. Takiyama and H. Shilesawa, 1967;

thus corresponds to the E(z)avtype and H()-type and H. Shigesawa, K. Fujiyama and K. Takiyama,
tranuverse toodes mentitoned above. Th- coupling 19701. An extrapolation from that study implies
network at the air.dielectric interface was obtained that our values for the leakage constant are some-
from an adaptation of a network presented earlier what lower than what they would predict. Their
C P.J. B. Clarricoats and A.A. Oliner, 19651 for analysis in approximate, however, and the measure-
cylindrical air-dielectric interfaces, and suitably ment procedure they use is Indirect and subject to
transformed for planar interfaces, some question. We have recently taken sone pre-

The principal new feature in the transverse liminary direct measurements which show good

equivalent network In Fig. 3 relates to the terminal agreement with our theoretical calculations, butequialet newor in ig.3 rlate tothe ermnal more ca.reful mca~uux,'Lnvzr: are in progress,

admittances representing the E z)-type and H()m r in.rges
"type modes incident on the radiating open end,. RFERENCES
Those admittances were not available In the liters.-r.
ture but were derived by analytic continuation of Clarricoatm. P 3. B. and A.A. Oliner. 1965. "Transa-

expressions for reflection coefficient given by L.A. verse-Network Representation for Inhomogeneously "'

Weinstein C19691. Those reflection coefficients Filled Circular Waveguides, " Proc. lEE, vol. 11, I Z,

applied to normal Incidence of ordinary parallel No. 5, pp. 883-894.
plate modes; modifications were made to account
for a longitudinal wavenumber variation (corres- Shigesawa, H. and K. Takiyama, 1964,
ponding to oblique incidence) and then for modes "Study of a Leaky H-guide, " Internat. Conf, on

below cutoff, the latter step producing results Microwaves. Circuit Theory and information, Paper

which appear totally different since the phases and MI-7. Tokyo, Japan. More complete version in

the amplitudes of the reflection c,3efficients then K. Takiyama and H. Shigesawa, March 1967, "On

become exchanged. the Study of a Leaky H-guide, " Science and Engineer-
Ing Review of Doshis.a University, vol. 7, No. 4,

The terminal admittances in Fig. 3 assume pp. Z03-225, (in English).
that all the higher modes in the transmission lines

decay exponentially to infinity. In principle, they Shigesawa, H., K. Fujiyama and K. Takiyama,

"see" the air-dielectric interface distance d away. July 3, 1970, "Comrlex Propagation Constants in
In practice, that distance is large; for example, Leaky Waveguides with a Rectangular Cross
for the first higher mode in a specific case the Section, " presented at a Japanese scientific con-
field at the air-dielectric interface was about 30 dB ference.
lower than its value at the radiating open end. Be-

cause of this feature, however, we hwve referred Takiyarna, K. and H. Shigesawa, February 1967,
to this analysis as almost rigorous. "The Radiation Characteristics of a Leaky H-guide:'

J. Inst. Electrical Communic. Engra. of Japan
(J.E.E.C,E.). vol. 50, No. 2, pp. 181-188, (in
Japanese),
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Fig, 1. Cross section view of nonradlative Fig, Z(a) Cross section view of leaky-wave
dielectric waveguide, where a< /20 antenna. where leakage is controled

0 by distance d,
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Fig. Z(b) Side view of antenna, where the antenna aperture
distribution can be tapered by alterina the position
of the dielectric strip, and the strip can be connected
to the rest of the millimeter-wave integrated circuit,
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Fig. 3. Rigorous transverse equivalent network for the antenna shown In
Fig. Z(a). The~ network is placed on its side for clarity.
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(F~l)(doftm dr* 2.56

0 1 2 3 4 5 d~nWn

Fig. 4. Paeconstant 0 nradians/meter of10
th ek-wave antenna in Fig, 2(a) as %ý

a function of d in mm, showing that 8
Is independent of d beyond momn* mini-HS Mum value of d.

10
0 1 2 34 5 d(rnm) v.

Fig. 5. Leakage constan~t a in dB/ineter of the
leaky-wave antenna in Fig. 2(a) as a
function of the distance d in mm between
the dielectric strip and the radiatting
open end.
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2. Derivations of the Constituents of the Transverse Equivalent Network

The form of the transverse equivalent network is shown in Fig. 3 of

the paper reproduced in Sec. A, I. It is seen to consist of constituent
elements that correspond to the various geometric discontinuities contained ".'

in the foreshortened-top leaky wave antenna structure shown in Sec. A, I as

Fig. 2(a). The lengths of transmission line in the transverse equivalent

network are representative of the transverse modes that propagate in the ,N,:

uniform regions of the cross section. In addition, the choice of modes

modifies the form of the network in basic ways.

As mentioned in Sec. A,1, if ordinary TE (or H) and TM (or E) modes

are used, then the air-dielectric interface remains a simple junction but

these TE and TM modes become coupled together at the radiating open end. r-
On the other hand, if H-type (LSE) and E-type (LSM) modes are employed,

they become coupled together at the air-dielectric interface but remain

uncoupled at the radiating open end. .After careful consideration, we

chose the E-type and H-type mode formulation as the sis±p.ler one on balance.

Expressions for the field components and the characteristic impedances ,

for the E-type and H-type modes relevant to this geometry are presented

in subsection (a) below.

These E-type and H-type modes become coupled together at the air-

dielectric interfaces, but their coupling can bb represented by a simple

transformer network arrangement. Also, only the dominant modes are coupled,

and no higher-order modes are excited, as at true geometric discontinuities.

The derivation of the network form and the exnressions corresponding to it

appear in subsection (b). It should be recognized that this network form

is an adaptation to planar geometry of a result previously given by

Clarricoats and Oliner [281 for circular geometries, but that its derivation

and utilization in planar form is new. This constituent result is therefore

of interest in its own right.
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The remaining discontinuity is the radiating open end. As shown in

subsection (c), and as summarized in Sec. A, 1, the constituent terminal

admittances representing the E-type and H-type modes incident on the open ,-e'
end are derived by making sev, I necessary modifications of a result de-

rived some years ago by L. A. einstein [29]. The original expressions

of Weinstein were valid only for normal incidence; our situation contains

a variation in the longitudinal airection, with the incident transverse

modes below cutoff, thus requiring appropriate analytic continuation of

these expressions, The details are contained in subsection (c).

Each of the constituent expressions has been derived in closed form,
which is a significant virtue of this approach and these der~ivations. The ,••

complete transverse equivalent network thus yields a dispersion relation

for the leaky wave that is likewise in closed form. The dispersion re-

lation is summarized in subsection (d), together with some added remarks,

(a) The Modes Um loyed

The coordinate system to be used appears in connection with Fig. 2(a)
in Sec. A, 1. The final leaky wave propagates in the axial (z) direction, .*

and the transverse transmission line direction is the vertical (y) direction.
The transmission direction of the transverse modes is thus the y direction.

However, the structure is uniform with respect to the z direction. The

E-type and fl-type modes to be employed are therefore separable with respect

to z, but propagating in y. It is accurate, therefore, to designate them

as E (z)-type and H(z)-type modes (or alternatively as LSM and LSE modes

with respect to the z direction).

We shall choose the E-type and H-type notation, and follow the formu-

lation developed by Altschuler and Goldstone [19] but with our coordinate

syst-m. They have presented the derivations of the pertinent field rela-

tions and the orthogonality relations, so that we will not repeat them

here. However, it is necessary for us to know the field components and

the characteristic impedances for these modes, corresponding to our choice

of coordinate system.
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The constituent vert:ical guiding regions in our antenna structure

(Fig. 2(a) in Sec. A, 1) are portions of parallel plate waveguide, either

diolectric-filled or air-filled. We also recall that ordinary TM (or E)

an(' TE (or H) modes would be characterized by the presence or absence of

the y component of field, whereas the E-type and H-type modes are dis-
tinguished by the presence or absence of the appropriate z component.

The E-type modes shall be denoted by primed quantities and the H-type

modes by double-primed quantities. The transmission direction is y, so

that the components of the mode functions for the i th E-type modes are

h ei and ez, with hi 0 0. Correspondingly, the components of the
xi zit Z,

mode functions for the i th H-type modes are hxi, ex and hzi, with ,

ezi 0. For air-filled regions, the relations between them, and the

expressions for the characteristic immitances Z and Y are:

•" E~~z) t ype modes , '-

12ezi' ' exi -2_ (3.1)•..4
i k2  k 2h xi e i 0- i D~ :

Zi 0 o (3.2)
i:

H(z) -type modes

et 0 ahzi

hx ~(3.3)0e iX hzi xi k k2 k 5xz C3.3)
0 zi

2 2
Y, 0 - zi (3.4)

Ykyi
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Next, we present the explicit field components for the parallel plate

waveguide constituent regions under the condition that a net traveling

wave propagates along the z direction, so that ^'/az yields -JB , where

k 8. We also particularize the expressions for the dominant mode of

each mode type. It is straightforward to genernlize the expressions for

the i th mode, The parallel-plate geometry and the associated coordinate

system are given in Fig. 3.1.

Fig. 3.1 Parallel plate waveguide and
associated coordinate system.

E()- �tvie modes

yz~z - I(j) e8(X,z)

I"T

= V'(y) V " "",(.)

= V'(Y) t / 'T in.A" J•B' (3.8)

EJ(•y,.:) - V,(y) e,(zt)
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BEx•.) = _1 ( €'' ---,,, , _-• ' - E _ _)

ijwp ax C

= , - l ' ( y ) C o s = k-r 2  6-e ( 3 .8 ) ,j..', V a."

0,:~si!- cis. 7-•, •,
a W a (3.9*) ?.

-
I4 2 ' , .~

O r: Hv t "'4e m-Es (340)

Es, -- H.
C'e, (3,.L1)

A nd; Z ,. 
; :,

WCee,k) 
3,2

tyne modes

C08 CA'
a a (3.143)

El"(. fZ) (v) h(x,*)

j~jA WIA(3.17)
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(b) The Air-Dielectric Interface

We note from the structure depicted in Fig. 2(a) in Sec. A, 1, thaL

two air-dielectric interfaces appear in the cross section when viewed in

the y direction. One of these interfaces is depicted in Fig. 3.2,

air

Fig. 3.2 An air-dielectric interface
in a parallel plate region.

If ordinary rE and TM modes were employed in the y direction, the

air-dielectric interface would represent a simple junction between trans-

mission lines, and the TE and TM modes would aot be coupled together at

the interface. For the E-type and H-type modes we employ, however, these

modes do couple at the interface, and the purpose of this section is to
derive a simple network to describe this coupling..

A coupling network of this type was derived previously by Clarricoats

and Oliner [28] for inhomogeneously filled dircular waveguides. Thera, the

geometry was radial, and the transmission lines were the so-callmd E-type

and H-type radial transmission lines developed by N. MKrcuvitt [L0B]. These

radial transmission lines represent propagation in the radial direction,
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but ara found to be separable with respect to the axial direction. In ..,

our case, the geometry is planar rather than cylindrical; the modes prop-

agate in y but are separable with respect to the z (axial) direction.

The strong similarities present suggest that the procedure introduced

there can be adapted for use here, and indeed this turns out to be the

case.

The boundary conditions that must be Hatisfied at the air-dielectric %

interface, are

-tc -t(3.19)

that is, the tangential electric and magnetic fields must be continuous

across the interface. In terms of components, relations (3.19) become

i II

i •.(E.,+ C-, , E" + P.) + &E

i•~ ~ ~ z .(Hat + Al) •,-z.(I + h",) + A. H, ,o

where x and z are unit vectors, and the arguments of the components are-0 --0

dropped for simplicity. Expressing (3.20) in terms of mode functions, and
equating the x components and the z components separately, we obtain

(*Mg + Ve,,, - t/E, + VI,$

,•vt,' . Vle.,

PA,•', + ?,A,, pA". + I'!."

P .' ,(•,2 )i+ Ph's Mw Ph*,

T.
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Upon excamination of the mode functions presented in expressions (3.5) to

(3.7) and from (3.13) to (3.15), we find that

Ia -a' 'g~-CI(3.23)

On use of (3.23), relations (3.21) and (3.22) reduce to

When the relations in (3.25) are divided by V and I ,respectively, and

use is made of (3.24), (3.25) becomes

V, V, h *

The two equaticrns in (3.26) can be multiplied together, eliminating the

11



Finally, (3.27) can be rewritten as
,, t I, I I •

- ", ", h - h e - a
(Z + Z) (Y +y) Y . (:3.28)

Sh e

where Z and Y are the impedance of the H-type mode and the admittance

"of the E-type mode at the air-dielectric interface looking into the di-
electric region, and Z and Y are the corresponding quantities looking
into the air region. A change in sign results when an impedance or ad- Ike.

mittance is taken looking in the opposite direction.

A simple network form, shown in Fig. 3.3, can be drawn based on (3.28)
which is representative of the coupling between the E-type and H-type modes

at the air-dielectric interface. The turns ratio N in this network is then

given by " "

N2 X " C hx X ex¢•i
"N ... , ,, - (3.29)

h e .

"When expressions (3.6), (3.7), (3.14) and (3.15) are used for the mode

functions in (3.29), we obtain for the turns ratio N

2 .

N- (3.30)
2 -2 2 2

The network in Fig. 3.3 can be used as a constituent in a transverse
equivalent network that is representative of the H guide or NRD guide

structure shown in Fig. 1 in Sec. A, 1. A transverse resonance equation
can then be set up using E-type and H-type modes, utilizing relations
(3.30) for N and (3.12) and (3.18) for the appropriate characteristic

immittances of the transmission lines. A. Sanchez has shown in his Ph.D.
thesis [31] that the dispersion relation derived in this fashion reduces
readily to the one given in the literature and found by employing the

usual TM mode in the y direction. It is a cumbersome method for that
simple problem, but it is indeed mathematically equivalent.
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air air

I:NN m'*~

Eir Er

Fig. 3.3 Simple equivalent network that represents
the coupling between the E-type and H-type
modes at an air-dielectric interfa.e of the
type shown in Fig. 3.2.

(c) The Radiating Open End

If ordinary TE and TM modes with axial (z) variation are incident on

the open end of parallel plate guide, they become coupled by the discon-

tinuity. The modes remain uncoupled, though, when E(z)-type and H(Z)-type
modes are employed instead. In obtaining the terminal complex immittances
for these modes, which are needed in the transverse equivalent network,

we are able to make use of expressions for reflection coefficients derived
by L. A. Weinstein [291 for a simpler situation.
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I b ,'I ,,• His results apply to propagating TM1 (or El) and TE1 (or Hi) modes ,,,',/

- in parallel plate guide normally incident on the radiating open end. Our -•-'"

• case involves modes wlth longitudinal variation along z which are below

cutoff so that it was necessary to analyticall• continue Weinsteln's •,•,•.-•,

results in an approprlat• manner. His expressions are of great value,•.,"•
however, since they were derived using the factorization, or Wlener-Hopf,

method, and are therefore rigorous.

The analytic continuation required two steps. First, we recall that l,•

for NRD guide it is necessary to maintain the plate spacing less than a half •i

Swavelength so that the incident modes would be below Cutoff even if there•L"

• were no axial variation. Thls circumstance calls for an analytic contin-

',' uatlon of Weinstein's reflection coefficients to modes below cutoff. "Z"•,

"'° The •"Let step acco'•.nts f•..•r the lon,•-,'•dinal variat•-o,•, of the incident •'.

SE(z)-type and •(z)-type modes. These modes become the normally-incident
h,;!.,.?

TE1 and TH1 modes, respectively, when 8 " 0 in expressions (3.5) through "'•(3.18). The paper [ 19] by Altschulsr and Goldstone has also indicated

i• how the •eflectlon coefficients must be modified when a lon•Itudlnal varl- i'••'
•,•

•" ation is introduced into the E-type and R-type ,odes, provided that these 'kS
.- modes remain uncoupled by the discontinuity in question, as is the case here.i•,•

i•'. The modification is to replace k° , wherever it appears, by (k2o- •2)•.
S(i) Summary of Weinsteln's Formulation:

Weinstein's rigorous analysis [ 29] applies to TM1 and TE1 modes normally

.•' incident on the o•en end of parallel plate •,aide. He solves for the rs-
•& flection coefficients of the surface currents in each case, but we can relate

Sthese to the voltase and current reflection coefficients of intsrest in our

", problem. His coordinate system, time dependence, and other notation are
t also different.
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"J4, 1p v

-R) A~t =.(- )/q T'y 7 (3.32)
* and

jR1, (q - q)/q + -1) 0` (3.33)
and

Quantity ~9is also given for both mode types by

6-2 (2- C+ ln.l- a-trmis.2 -
q 2,y

1. (3.38)
Saream-m-+ - Aasi9)

wliere

0 0-05772., . r .1E in

1"17

a e ins

araing -(3.37)

where A1  1 A 3  1/6, A5  3/40 .. and S m is given by
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IA%

S. (3,3")[ti In n- 1)]" •

with S1  0. 123 , S 0.014 , ... ,

We find above what is customary in these factorization procedures,

that the magnitudes are simple in form but the phase axpressions are ,,,

complicated.

""0
We next need to relate these reflection coefficients for the wall

current densities to the voltage and current reflection coefficients cor-

responding to our transmission line formulation. In this connection, we

may write [321 for the TM1 (or H,) mode

H - Vt. (x0 x ) (3.39)
Sz wall , j..,

where the time dependence is exp•jo•t). Since

E - V(y)e (x)

we see that the reflection coefficient for the current density jz is also

the voltage reflection coefficient. Consequently,

"R *-Rl e"J (3.40)Rv • . l

- .
for the TE1 (or Hi) mode, where R, and eare still given by (3.32) and

(3.35), and the double prime is employed because of the mode involved.

For the TM1 (or E1 ) mode, we may write [32]

-H Z wall -'(y)hz(x) (3.41)
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Therefore, the reflection coefficient for the current density for this

mode corresponds to the current reflection coefficient

R 1  eiG(3.42)

where iR,1and 6 are still given by (3.33) and (3.35).

It was indicated in (3.34) how q and y are related to frequency and

wavenumbers in our notation. Elaborating further, we find

a k0  ka .Y
' w 9 (3.43)

so that Y q -1/4 becomes

k1g.ýr/a (3.44)

Y 0

and factors found in (3.32) and (3.33) become

q;y k -k V

q+ (3.45qY ko t ky

The fcirst step is to analtically continue the expressions for the

reflctin ceffciets o tat heyapply to modes below cutoff. The

termY (ee 3.4)) s nw iagiaryand should be written as

Y JY

The expression for the phase angle e is not.aqbiguous if principal values

are taken for the terms k.n(21q), arcsine (y/q) and arceine (-y/ VI). We

need only to be careful in the choice of branches in the complex plane for

the reflection coefficient magnitudes.
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In Fig. 3.4 we sumnarize the three mappings that are involved in as-

certaining the choice of branches that correctly analytically continue the
'reflection coefficient magnitudes, I 1 and I i. •l'.

1) The mappingq-'ymaps the segments of the real axis 1/2<q <3/2

and O<q<i/2 onto the segments O<y</v2 of the real axis of the y plane and

~ 'the segment of the imaginary y axis between zero and -(1/2)j, respectively.

We recognize that q 1/2 corresponds to mode cutoff.

2)Te mapping qR maps the segment of the real axis 1/2<q<3/2

onto the segment of the real axis of the R1, plane between 1 and

C - [( 3 + 2 V') / ( 3 - 2 /T > 1, and the real segment 0 < q < 1/2

onto the arcs of the unit circle subtended by the first and third quadrants. -,,

3) In a similar manner, the mapping q, maps the segment of the

real axis i/2<q<3/2 onto the segment of the real axis of the plane R,1

between 1 and C" - [(3-2M/(3+2M]<1, and the real segment O<q<l/2 onto

the arcs of the unit circle subtended by the second and fourth quadtants. ',

The continuity condition of the mappings and at q R 1/2

along the real axis of the q plane imposes the choice of the arce of the

unit circle situated in the first and fourth quadrants as the correct

analytical continuation of the ,i and RI,11 quantities. Thus

Re V ,q +y)H 7 ( -y) )> 0

when the mode just goes below cutoff.

Up till now we have not taken into account the variation with z that

is present in our problem. When we include this variation, the TM1 and TE
()(z) 1 11

modes treated above become the lU(Z)-type and E -type modes of concern to !~

us. To determine the effect of this variationT with z we change q to q4
where

q -ka/2i" , q 2 - (a/2iT) (3.46)
0 0
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y Plane q Plane,,.

L~

,,;,mn.E!i• h - 1/2 3/2

SC,/(3+'2,42)(3-2V ) 5.82

c /(-2 )/('3+2A) oT172

I ",,I0' ' iR, I II K4•'
h.-W

\ I R

I - IR" C

IR , I ,, 1,1

IR1, I Pone

Fig. 3.4 Mappings n'f q into y and q into R,"

required for analytic continuation.
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From (3.40), bearing in mind that the voL.age reflectiun coefficient

is the negative of the current reflection co(fficient, we have

- P1=r')=(R?,=)v I I (3.47)

while from (3.42) we obtain

-. " I¢ = ,0 ,, _iR=~ e(.8 -'•"

-- J J'*1J~JO q(3.48) V

The terminal impedance for the H(z)-type mode and the terminal admit-
tance for the E "-type mode corresponding to the radiating open end are , •"

ýherefore given by

and

k4 1 +si -t rp -/1-- ri

It should be remarked that the t:haracteristic impedance and admittance

appearing in the last two equations are the ones for the E and H modes

when ko is replaced by k2 - a2 and not the ones corresponding tc the
0 0

H(Z)-type and F,()-type modes. In the transverse equivalent network givenIH I II IA

in rig. 3 in Se:. A, 1, ZL and Y are written respectively as R +JX and•L

1 3.23 -

4
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(d) The Dispersion Relation for the Leaky Mode

In subsection (a) above, we have presented expressions for the mode

functions and the characteristic impedances of the E(Z)-type and H (z)-type

modes that propagate in the uniform regions of the cross section. We can

therefore characterize exactly the properties of the various transmission L
lines in the transverse equivalent network. In subsections (b) and (c),

"we have derived rigorous expressions and network forms for the air-diel- oe-

"tric interface and the radiating open end, respectively. We therefore have

all the constituents of the complete transverse equivalent network shown

ia Fig. 3 of Sec. A, 1.

The dispersion relation for the leaky wave behavior is then obtained "

by taking a free resonance of this transverse equivalent network. The

resulting dispersion relation emerges in a straightforward manner but is

somewhat messy in form. A simpler network form results if the structure
is made symmetrical so that it leaks from both ends; we may then bisect
the network with a short circuit. The dispersion relation for this simpler

network may then be expressed in the following simple form.

where

Z"',C3) - ", (j,•t ...(k.) ( A

17110) cot( kV~b/9) (.3

jZ". + Z*Lcol(k d)Z", dot(k 10d) + jZ*L .*,

%X
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2", = __k__ wc - (3.5.),

and N 2 Z( L ZL yL axe given by (3.30), (3.49) and (3.50), respectively.

-..

(3) Numerical Results

i

Using the theoretical expressions derived above, we have obtained

the values of the phase constant 8 and the leakage constant a as a function

of various geometric parameters. These quantities are the ones we need

in order to design the antenna in response to performance requirements.

In the short paper presented in Sec. A, 1, the variations of a and 8

are presented as a function of d, the distance between the air-dielectric

interface and the radiating open end. These results appear there as Figs.

4 and 5, and they correspond to a set of geometric parameters given by

Yoneyama and Nishida in their original paper ( 2 1 on NRD guide.

For simplicity in design, one desires that • remain constant while a

varies greatly as a function of a specific pirameter. In that way, the
geometry can be changed to alter ct without changing 0, thereby permitting

one to taper the amplitude distribution and siwiltaneously maintain the

phase linear along the antenna aperture length. The variation of 0 and 5

with d satisfies this requirement provided that d remains less than about

2 mm for that set of d±mensions. It is seen that for d>2mm 8 is essentially

constant, whereas a varies over a large range.

This desirable behavior as a function of distance d allows us to

build a tapered antenna in the manner shown in rig. 2(b) of tha short paper

W 12 -
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in Sec. A, 1. The taper is achieved by adjusting the position of the.

dielectric strip relative to the open end.

Calculations were also made of the dependence of a and B on other

geometric parameters and on the relative dielectric constant. In these

calculations, the dispersion relation was solved by a numerical iterative
procedure that requires a first estimate of the root searched for. In
most cases, the estimate was taken from the value of $ for the nonradia-

ting case, for which the dispersion relation is simple and yields real
roots. A typical number of five iterations was enough to achieve con-
vergence, and double precision was required to obtain accurately the values

of a.

The variations of a and B with the separation abetween the plates
is given in Fig. 3.5. Here we find an inverse situation, but as expected.
As one varies the plate separation, the value of $ changes greatly, but 6

changes only a little, except near cutoff. In fact, a remains flat over
a reasonably wide range of a/l.' These dependences permit the designer to

vary spacing a to adjust B, and therefore the anLne of the radiated beam,

and to vary d to adjust a, and therefore the beam width. The variation of

a vs. a in Fig. 3.5 also implied that a small variation in plate spacing

will negligibly affect the side lobe distribution.

The dependencesof a and $ on the thickness b of the dielectric strip

appear in Fig. 3.6. Here, both a and $ change as b is varied. Most
significantly, the leakage constant a decreases as the strip becomes thicker.
This behavior is to be expected physically, since a thicker dielectric

strip produces a greater field confinement to the region of the strip;

as a result, the field amplitude at the radiating open end is less and,

in turn, less leakage power is produced.

The last parameter that can be varied is the dielectric constant
of the dielectric strip; the effects of Cr on a and $ are shown in Fig. 3.7.

It is interesting that the leakage constant varies two orders of magnitude

between cutoff and the onset of the slow-wave region, and that this whole
range can be spanned by changing e from 2.0 to only 3.4. Furthermore,S~r
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Fig. 3.5 Curves of leakage constant a and phase constant as a function
of the plate spacing a, for the foreshortened-top NRD guide antenna.
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, Fig. 3.6 Curves of phase constant 6 and leakage constant a
as a function of the thickness b of the dielectric"S strip, for the foreshortened-top NRD guide antenna.
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Fig. 3.7 Curves of phase constant 03 and leakage constant a as a function
of the relative dislectric c~onstanit e r of the dielectric strip,

4, ~for the foreshortened-top~ NRD guide antenna1~.
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a strip with F.r 2.20 can have roughly double the leakage of a strip of
r

the same dimensions but composed of polystyrene, with er = 2.56. This

decay of a with increasing C is readily understood physically since the

Zields are more confined for higher C values, so that less field arrives
rat the antenna aperture, and the leakage is reduced. We note that the

phase constant $ changes greatly with er' as expected, but also that the

variation is linear over a wide range of e when the guide is away from

cutoff.

-. J
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B. THE FORESHORTENED-TOP ANTENNA: PERTURBATION ANALYSES

The perturbation analyses were originally conducted in order to check
whether or not the accurate analysis discussed under Sec. A contained some

inadvertent analytical or numerical error. Such errors cre less likely in

the simpler perturbation analyses, and they furthermore offer an alternative
result. As mentioned in the introductory remarks to Part III, concern

with respect to the validity of the accurate analysis arose when the same

approach was applied to a somewhat similar, but simpler, problem for which

both approximate theory and measurements were given (see Sec. C below); our

theory differed by almost a factor of two from those measurements and theory.

Later, we also performed our own careful measurements and we received

measured data from Professor Yoneyama, and all of those results agreed

very well with our theory, thereby verifying that our theory is correct,

and that the earlier measurements and theory that raised doubts were ac-

tually wrong. As we see below in this section, the perturbation calcu-

lations also agree well with our accurate theory.

We conducted two types of perturbation enalysis. One type is based

on the transverse equivalent network, with both of its constituent trans-

mission lines; the second type is simpler, using a reflect'ion coefficient

directly and employing only one transmission line. Both approximate pro-

cedures yield good agreement with the accurate theory, as ;* show below.

Since these perturbation procedures yield good agreement with ac-

curate results, and since they are simpler to compute from than the com-

plete accurate theory, they are useful in their own right, no matter why
they were derived originally. They can be used in many engineering situ-

ations when good approximate results are enough to form the basis for

design.

The subsections 1 and 2 below derive the perturbation procedures, and

subsection 3 numerically compares the perturbation results with those for

the accurate theory.
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1. Procedure Based on the Transverse Equivalent Network

One approximate approach that can be adopted is to assume that the

radiation (or leakage) from the actual aaitenna, shown in F'ig. 3.8(a), which

radiates from the top only, is equal to one half the radiation from a

symmetrical structure of the form seen in Fig. 3.8(b), wVich radiates from
both ends. We have made numerical comparisons to determn.ne the validity

of this assumption, and it turns out that it is really very good unless

the leakage is quite large. We shall therefore base our perturbation
procedure on the dispersion relation (3.51), which holds for the structure

t.n Fig. 3.8(b).

Er

(a) (b)

Fig. 3.8 Cross sections of (a) The actual asymmetric foreshortened-top
NRD guide antenna, and (b) A symmetrical structure foreshortened
at both top and bottom and therefore radiatina from both ends.

%c

Dispersion relation (3.51) accounts rigorously for tha radiation and

propagation characteristics of the leaky wave antenna shown in Fig, 3.8(b),
when d, the distance between the air-dielectric interface and the open end,
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is large enough to preclude higher E - and H)-type modes excitedW'

at the open end from reaching the air-dielectric interface. If d were

not large enough, we would need additional transmission lines which would

then become coupled at the air-dielectric interface, and the problem

would become very involved. Therefore, d is kept within limits for which

significant higher mode interaction between the two discontinuities does

not occur. If, in addition, d is maintained within a limit such that the

fields a-e smail at the open end, we can expect small leakage to occur.

In this instance, a perturbation procedure is Ln order.

If small leakage occurs, the propagation characteristics will be

close to those of the nonradiating NRD guide, with infinitely long side

walls, The phase constant will then be given closely by the solution for

the nonradiating case, for which the dispersion relation is quite simple,

and its deviation from it will be small, as will be the leakage constant.
The solution for the nonradiating case will be called the unperturbed

solution.

Let us call the phase constant corresponding to the unperturbed

modal field. Then is the solution of

+ Z.31 + Yf)J N(3 (3.57)

where Z and Y are characteristic immittances, given by (3.18) and (3.12),a a
respectively, since the air-filled regions are infinitely long. The terms4-,, 4-,

Z and Y are clearly

E "C
Z" Z% fan(kotb/*) (3,58) ~

and N is given by (3.30). Inspection of (3.57) reveals that both paren-

theses on the left hand side are pure imaginary so that their product is

real, as is N2. The solution for a must therefore be real, conforming
0to the physical reality of absence of leakage.
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If the NRD guide Is now perturbed by terminating the parallel plates

at a distance d from the air-dielectric interface, Z and Y become Z

and Y , the arrows meaninl; that these immittances are not the character-
a

4 istic ones but the equivalent impedance and admittance of the radiating

open ends, seen through a length of transmission line. Za and Y are now
complex numbers that will produce a complex solution, denoted by

P-- (15. + ,8) - ja; e,, Sma41 (3.60)

We therefore seek a solution of the form (3.60) for the equation ______

[.a(p) + +".(1)] (d ) . ?'(/)] N0(1) (.1)..

Solution of (3.61) by the perturbation procedure Is equivalent to its

linearization. Both sides 3f (3.61) are expanded around (o the propaga-

tion constant of the unperturbed guide, and terms of order higher than the

first are disregarded. We thus obtain

S'(o.) + [( ,) +- d[
dd

dPP

where w'() id'15.) stand for

•"/).- ",, + Z".{s,) D'.

respectively, Solving ror do3 In (3,52), one ainds

41d,3 1  Z(5~() 2 1, (3.64)
+ t --?'.) Ara .)

where the derivatives with respect to 0 are denoted by a dot on top of"

the corresponding magnitudes, the taking of the derivAtives being prior

to the evaluation of them at •o'
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A more detailed elaboration of (3.64) allows the writing of

z + ZC + 6)) € -+ ( + 69) -+ 2(•o) (3.65) %

Z,, + N2

where the new symbols are interpreted as

SV(O (.. .. 2.ku .€ o)tan(k +k,' () (
Z") NCO- + !

- ' , - -A. • . c ) I- ) i,.

(3.60)

' .. ('r)I+k2lp 2y 2o + c,-(

Ik,.1 + .k

.- t . - - Z(* (

(3.67)K_Y'(13) 2 -] Y'(#,) WOO.
2k* j2(W)8 -L)2 - k.

dNI' 2 2

and

jZ: + ZL cof(kpd)

(3,60)

L+ 6,AY)01kd
1Y.¼ot(k d) + JYLDIv

-135-



I.. -

where Z" andI Y have already been given in (3.49) and (3.50). The terms
L, Lg *i in 6 a and iS have been neglected in the denominator of (3.65).

They have been found small in all cases cotisidered here, and their in-

clusion would unnecessarily c~omplicate the formulation.K

It is clear now that the denominator of (3.65) is real and therefore

that (3.65) can be separated into real. and imaginary parts in c. simple

manner. After use of (3.57), we can write

zK
or..

Z"~~~~ ~ ~ ~ + 
' (f ")(Y. .Y

+ Y/(S+ Y.)) 8,' + (Za'A Z74 + Z-)) 8* (3,71)

+ ) Z '-Z + + + Y,)/( A t ) N2

where~ + g 9+ 9
r J64 and 6 r +ji

There are several important features embodied in Lhe ILast two equations

namel~y

a) The fact that they yield Aý and a in a.a expli~ci fashion permits

one to assess easily the influence of the different gtometrical a~nd

constitutivom parameters.

b) The effect of the open end discontinuity, which is included in 6
an , is clal eaaedfu te leflfl4 ofte ewok
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c) The relative contributions of the E(z)-type and z).-type modes

iu the expression for the attenuation constant a are given by

Y:/(Y" + :') • + Z-4) 67

d) if Lbe only parameter changed is d, the attenuation is linearly

dependent on it since the 6's depend exponentiallý on this parameter through

terms of the form cot(kyd), as ran be seen from equatious (3.69).,

2. Simpler, Reflection Coefftpient, Procedure

,A simpler perturbation relation will be derived next, And it also is

based on the symietrical structure of T.S. 3.8(b). The unperturbed struc-

ture ts again the non=:adiating symmetrical .N1D guide, with its side valls

going to infinity. The perturbed structure is that of Fig. 3.8(b).' The
difference now is that we begit with a single tranbmia.sion line supporting ,,
a TM mode in the y direction, rather than the two transmission lings sup-
porting the E (z)-type and R type modes. Tha latter representation was

rigorously correct in both the perturbed and unpetturbed situations, whereas

the forater n proach, employing only a single mode, is exact only for the

unperturbed geometry, cnd approximate for the perturbed one. We expect,

therefore, that the resultitg expression will be simpler but less accurate.

We also employ a different phrasing, one that begins directly with a

perturbation relation:

AZI(- b •_ "0
I-[.- 2), 1 "(o) (3.72)

The quantities in this relation are explained ýLn terius of the unperturbed

and perturbed transverse equivalent networks shown in Figs. 3.9 (a) and (b),

respectively. The subscript u refers to unperturbed quantities, the primes

signify quantities normalized to their characteristic immittances, anal the

1.3
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A.I

you

4V ~ Y xC)

"(a) unpertUrbed c"qse .... .

i 0
A b . k~

I I'

r d

(b) perturbed case

Fig. 3.9 (a) Cross section uf bisected nonradiating NRD guide and
its transverse equivalent network, which is used as the

unperturbed case in a pertuvbation analysis, and (b) Criss section
of bisected radiating structure in fig. 3.8(b), and an approximate
transverse equivalent network for it that uses only one transmidsion
line.
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A's describe directly the changes between the perturbed and unperturbed 6' *:

situations. The locatiofl y = .-b/2 refers to the short-circuit bisection ,• . .

plane, y - 0 to the air-dielectric interface (which is a simple junction

here because a TM (or E) mode is used now, rather than E-type. or fr-type

modes), and v a d corresponds to the location of the radiating open end

in the perturbed case. The perturbation relation (3.72) applies to the

dielectric-filled region. 
,:

In (3.72), Z (-b/2) 0, becauae the pliane at y - -b/2 is a short-

circuit plane; similarly, AZ (-b/2) - 0 boc4 i•se the pleast remains'a

short circwit after the perturbation because of symmetry.

The erm Yu(0) is seen from Fig. 3.9(a) to be

which Lu juut the tatio of characteristiC admittanlces for the air and •"••

'd•electric region5. For tAY ,we write "'-

Thus, we need Uo know Y (0), where the termination at y - d has been r i

'(0)

dilchaned. We then write

S., 

, -

Y

Huwever, we know that

Y( & (3,76)

Y, + tr(ble)

where r(b/2) is the input reflection coefficient at y b/2 in the air

region. and is telated to r(d) by

r(b/f) -r(d) e*(3.77)
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where

k" - lk•1I (3,78)

We therefore rephrase (3.77) as

rol..I) ft r(d) o' la0'4 (3.70)

where r(d) is the reflection coefficient at the radiating open ond Cor

the lowest TM (or E) mode.

Relation (3.79) can next be inserted into (3.76) which then becomes

Y(O) i-r(3,80)t i +,r(d) s-0lI ,,o

But AY (0) can be rephrased, on use of (3.75), as

- ,, [ Y4 1
77t Y. 1 -.

Inserting (3.80) into (3.81) yields

Arm 2(3.02)
44 i ++r(d) .

Now that we have all Lhe separate pieces we may return to (3.72)
and insert (3.73) and (3.82) into it. We then obtain ,.

*,, : • ,r 1( -,,.,
-- 7 - ,"L.r(d) a ". (.,8)
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For TM (or E) modes, we have

Use of (3.84) in (3.83) yields, finally,

_ •,(, k•s I rrd) *. 1 (,.8)

The expression for r(d) to be used in (3.85) is the r in (3.48) since

the H-type mode reduces to a TM mode in the limit.

The perturbed value of k is given by

-, k,4,, + ,Ak/•, (5.86)

kjg, + art

and it is related to the perturbed complex propagation wavenumber, namely,

k. P + 48 - ja (3.87)

by the sum of squares relation

k~t 2k,2 + k.2 + k,24 (3,88)

(u here is of course the same as $ in Sec. B, 1.) The result (3.85)

thus yields Aky, which is placed into (3.86) and then into (3.88), from

which the final 8 and o values, via (3.87), are obtained.

3. Comparisons with Accurate Analysis

Numerical calculations of the values of ca and AO have been made using the

two perturbation procedures derived above, and these results have been
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compared with correspondinm, calculations made by means of the accurate

theory discussed in Sec. A In general, the comparisons indicate that the

perturbation expressions a e rather good. They are less valid near cutoff

or when the leakage is qui .e strong. This last comment is especially true

for the simpler formulation described in Sec. B, 2.

The next few figures indicate the comparisons found between the al-

most-rigorous theory and the more accurate perturbation formulation derived

in Sec. B, 1. In Fig. 3.10, such a comparison is presented for values of t

a and $ as a function of d, the distance between the air-dielectric inter-

"face and the radiating open end. The perturbation result, identified by

the dashed line, is seen to track the almost-rigorous result very well I'Ki

over the whole range of a values. The deviation is slightly greater for

values of d less than about 2 mm, where the values of a become large;

similar behavior is found for 0.

Comparisons as a function of plate spacing a are given in Fig. 3.11.

The agreement for 0 is seen to be quite satisfactory over a large range of

values of a/ o; near to cutoff and to the slow-wave region, the agreement

begins to worsen, This behavior near the two ends is more pronounced for

a, where the agreement is very good only over the central region.

The next comparisons are shown in Fig. 3.12 for variations an a

function of b, the width of the dielectric stri.p. Here, the agreement

for 0 is seen to be very good everywhere, and to be quite satisfactory

for a over a wide range of values. The agreement worsens somewhat as a

becomes large.

The comparisons as a function of C appear in Fig. 3.13. Ther

agreement for B is good over most of the range, but it gets noticeably

less good as one approaches cutol'f at one end and the onset of the slow-

wave region, at a/k - 1, at the other end. For a, a discrepancy of several
0

percent between the perturbation and almost-rigorous results occurs for

quite a range of values away from cutoff, and again near the slow-wave

region.
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:.. 600 ~ 3R d',o =572.6 m-

1 2 3 4 5 6 k
d(mm)

d

I'T

-a

" ~10

0 fo 0 48Ghz (X0  6.25mm)

Ea a2.7mm

b 2,4mm
\ Er 2 .56

1.0 Ii

-RIGOROUS

-- PERTURBATION

S~10-1

1 2 3 4 "5 6
d(mm)

Fig, 31,0 Comparisons of -results between the almost-rigorous theory
and the first perturbation procedure for 1 and a as a
function of 4, the distance between the air-dielectric
interface and the radiating open end.
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Fig. 3.11 Comparisons of results b~tveen the almost-rigorous theory
and the first perturbation proceditre for at and 8 as a
function of plate spacing a.
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Fig. 3.12 ComparLsons of results between tbao almost -rignroua theory
and the fisr perturbation procedure for $ and x as aC'unction of the dielectric str•ip thickness b.
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Frig. 3.13 compaelsawuonuf results betwvsn the almost-rigorous theory
ar~d the first perturbation pruceadure for $ and 01 as a
funiction oV the relativE. dielectri.c constant Cof the
dielectric strip.
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Even in Fig. 3.13, where the agreement is probably the worst, the

perturbation results are certainly sufficiently good that they can be

used for preliminary designs. .1~~

A comparison that illustrates how good the simpler perturbation

procedure is appears in Fig. 3.14. The simplor perturbation method is

the one derived in Sec. B, 2. That comparison, for a as a function of b,

reveals some interesting behavioral differencus between the two pertur- ,

bation results. The procedure possessing greater rigor (the dashed line,

corresponding to the theory in Sec. B, 1) tratks the almost-rigorous

result quite well over a very wide range of vaLlues. The simpler method

(pointo, corresponding to the theory in Sce. B, 2) appears to produce

better agreement with the almost-rigorous theory than the other per-

turbation procedure when the values ct are small. However, for larger

values of o, the deviation from the almost-ril;orous values is signifi-

cantly greater for the simpler formuiation. We have also fownd from

other calculations that the simpler procedure becomes much poorer an

cutoff is approached. However, if one stays far •from cutoff, and is con-

cerned with small values of N, the simpler perturbation formulation yields

very good agreement with the almost-rigorous results,
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C. THE FORESHORTENED-TOP ANTENNA% MEASUREMENTS

It was mentioned earlier that a measurement phase was introduced into

this research program even though the original contract did not call for

any measurements. Before we discuss any of the measurement procedures or ,

results, therefore, we should indicate why those measurements were taken.

A structurc somewhat similar to ours was analyzed theoretically

some years ago in Japan, and then measurements were made there to verify 6

their theory. The structure was an H guide that was symmetrical and radi-

ated from both ends, so that it is somewhat simpler than ours. (It is also

not as versatile, and it produces unwanted radiation at every bend and

junction.) However, our Lheory applies to that structure also, and we

made calculations to compare with those made in Japan by Shigesawa and

Takiyama [33-351. The comparisons between our theory and their theory and

measurements are shown in Fig. 3.15.

It is seen that the agreement between their theoretical and measured

results is not bad, but that our theoretical values differ rather signi-
ficantly from either their theory or their measurements, with d LscrepancLes

appearing that are almost a factor of two. These differences produced

concern on our part.

We examined both their theoretical approach and their experimental

Xi• procedure, and we found that both were subject to question. Two different

theoretical approaches were used, and both were approximate. In one case,

the radiating open end was treated in a Kirchhoff procedure, and in the
second case, which is the one shown in Fig. 3.15, which yielded better

agreement with their measurements, the paralLel plate region was approx-

"imated by an elliptic cylinder. The measurements were also approximate, .

and open to question. They were insertion l1,s measurements, where a

length of the antenna was placed between input and output rectangular I,,p

waveguides. The input and output sections ware connected to the radi-

ating secti~on by tapers, and the total power loss was measured. This



1.2 .Our Accurate Theory

1.0II . Theory
\ \.--(Shigesawa-Taklyama)

~0.8

0.6 Experimer't
%WO h I g e sieaw a T a ky am a)

0,4

o.2
5 6 7 .8 9

b/2(cm)

,Fig. 3.15 Comparisons between our theoretical calculations and
theoretical and measured results reported by Shigesiwa
and Takiyama on their structure,

total power loss was composed of three contributionst the actual leakage
power, the intrinsic loss due to the metal and the diel6cric material,

and radiation (coupling losses) from the tapered junctions betwkeen the

radiating section and the input and outpuc etctions. Approximate cal-

culation3 were made for the metal and dielectric losses, and Ltwae values

were subtracted from the totel measured loss. The couplei,% loss was not

taken into account, however. The amount of that lo6s is unknown, but it

could be significant in view of the geometry involved,

Although neither their theoty nor their measurements could be regareed

as accurate, and the agreement between tbem could be fortuitous, we were

nevertheless concerned becerua- we could have made sowe inadvertent error

in either our analysis or In our computer program. We therefore undertook
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an experimen~tal phase in our program, but we also designeci the measurement

procedure s0 as to avoid the possible errors introduced into the eac.tier
measur.*ments.

As stated in the introduction to Part~ 111, we found laiter that our

theoretical values were indeed correct, sad that the early Japanese results

were in error. Out theoretical values were confirmed experime'ntally tn

two ways. Thýe first involved our own measurements, oi'd the second was the

result of independent measuremtents kindly takau by Prof. T. Yoneyamai of.

Japan at our r~equest, In Sec. C, 1, we describe our mneasurement procedure,

with its advý-ký-ages and possible pitfalils. The procedure emnpl~oyed by.

Yoneyama, and the results he obtained, aire discussed in Sec. C, 2. The

results of our? own extensive measuremert-s, and how they compare with our

theoretical values, arc presented in Se~i. C, 3.

We should add only three points here:

(a) Both our measurements and those made by Yoneyauia caniit'ad of

direct probe measa.rements along the length of the anternna'apattvre. h

contributions fromt the intrinsic metal and dile~ectric losses were %tasu~red

and subtracted out in both cases. The measurement methodA is therefore dl.-

rect, and should yield accurate retults.......

(b) Yoneyama's measurementa were taken at 50G11:, in the mil~limeter

wave range. Our measurements were made in the freqiaaay rcnge betweein

10 GRz and 11 G~1z, where the structures were 3caled up in ii la to permit

greater fabricatiton accuracy. We also took tiany more measurementb than

Yoneyama did.

(c) Both our measurements and those of Yoneyama showed very Sacd

agreement wt'ih our theoratical vatuea, as we demonatrate in Secs. C, 2

and 3.
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1. Measurement Procedure

in this section, we describe the set-up and measureiment procedure

employed in our own measurements. The frequency was lowered to the

X-band range so that a structure with a larger cross section could be
built for these measurements, thus assurlng better accuracy. Th.- only

difficulty with scaling to, a lower frequency is that the structure must

then be made longer and the' probing onrur overa physically longer region.

the leaey e.ructure has the cross section shown in Fig. 2(a) in
Sec. A, 1, and it was made uniform along most of its length. The probe I,
measurements were mude along this uniform region. At its input end, the

leaky struature was connected in a tapered fashion to rectangular wave-
guide, an4, at its output,,end, it was originilly bent gradually away from "."

the Vadiating open end and terminated in loasy materialmeant :o approxk- A
imate a matched load, In a later, more sophbsticated est-up, a tapor was

built into the output end identical to the one at the input end, and then

"followed by a true matched,load.

The leaky structure was, about 2.0 meters ;on&, and was fabricated

cut of two architectural aluminum right angles of -vary rigid stock placad

parallel to each other, and with the dielectric strip loiated appropriately

botween them. The dielectric strip was cut from o polystyrene rod (Stycast

0005, with e r 0 2.56 and tan6 - 0.0005). The separation between the plates
wa8 selected to be a - 0.500 inch to insure that the basic guide is

nonradiative (a/X >1/2) in the f-equency range of our measurements, and
0

yet to have low metallic losses. The dielectric strip thickness was made

b - 0,M78 inch so that only the lowest mode of the proper polarization can
propagate. Che relative dime"ions chosen here were proposed by

Ynneyera and Nishida in their first paper on NRD guide [ 21.

Spacers between the plates w•ere placed well below the dielectric strip
(on the nonradiatLng side) and a'.ong the length of the structure to keep

the separation between plates coistant and to hold the dielectric strip

tightly. The spacers were located sufficiently far below the dielectric
strip thae they negligibly affected the fields.
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The tapered feed end was designed very carefully so as to be rnonra-

diating and also symmetrical, so that only, the polarization desired would
be present in the leaky stru~cture. The feed arrangement consisted of three

satsfedwithout undue fabrication difficulties. Maintaining symmetry is

ver ipotan bcaseactually threeoR ud modes can propagate In

thefrquecyrange of the measurements. These three modes are the desire-d

modewit E ertcalandtwomodes with H vertical, the latter two consist

of the lowest mode, with no variation Of field between the plates, and the

next mode with a half-sine variation there. The cutoff frequencies of these

three miodes are, respectively, f a 9.67 G~z, f -0 and f - 8.74 (Aiz.

If any asymmetry is present in the feed taper3, therefore, the incideut

wave from the rectangular feed guide would exvite in the leaky structure

not only the desired mtode. with E vqrtical, but 'the other two an waell,

~1 thereby introducing a GLrong interference pattern along the leaky structure

Itself, and substantial ctoss polarization in the radiated field. I~

In addition to the le~aky st~ructuri itself, we requiire a probe avrange-

ment to be responsive to the square of the electric field amplitude, and

to be moveable along the length of the r,ý%iatItng Nperture. A miniature

coaxial probe with an extended center cPonductor, and with the ou.ter con-

ducLor covered with absorbing material, v&4 Introduced into tht radiating

end of the cross sect ion; it was maintained at a cot~stant distance from the

metallic plates as it waa moved down the structure by means of a heavy 3

gear arrangemunt. At V.-rat, we introduced Lho probe from the other (Aon-

radiating) end of the ctoss coction because the probe would than not per-

turb the radiation. The p'vobe thexi camples the evaneacent field beneath

4', the dielectric 6trip. The approach was valid in concept but it turned outI. to be too sensitive, since the probu was located Aýn a field that was ex-
ponentially decayirng at a rqpid rate. V

A block diagram of the complet~e get-up to shown in Flig. 3.3.6. If one

were to make probe meas'.~remsnýs alotia, it would not be necessary toa have

another tronsitiort af ter the leslky guide iuor to have the two power mete'r
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before and after the two transitions. The additional transition and power

meters were placed there in order to permit us to take insertion loss

measurements, as a back-up in case the probe measurements were not success-

9 ful. It turned out that the probe results were very good, and we therefore

did not conduct any insertion loss measurements.

The measurement procedure consists of probing the amplitude of the

leaky wave along the length of the leaky structure, and therefore the

aperture of the leaky wave antenna. Whe-i the structure is longitudinally

uniform, as in these measurements, the v.ilue of a is readily determined

from a semilog plot of the probe output is a function of position along

the leaky structure. The value of a is then 1/2 of the measured slope

on the semilog plot.

An example of such a semilog plot is givon in Fig. 3.17; actually,

this is a linear plot of the power in dB, but it is equivalent. These

data hold for a specific frequency, f - 10.20 GRz, and for a specific

distance between the air-dielectric interface and the r-idiating open end,
6 1,d - 0.25 inch. The other parameters are as given above: a a 0.500 inch,

b 0.378 inch and C a 2.56. The whole probe run thus corresponds tor
a single set of dimensions at only one frequency.

It is also seen that the actual data correspond to a rippled curve,

because of some spurious mode conversion or reflections from the end or

what have you. It is not that regular, so that it is a mixture of several

contributions, and it cannot be eliminated entirely. On the other hand,

the straight line that must be drawn through its average can be determined

quite accurately.

Different values of d were obtained by shifting the position of the

dielectric strip relative to the radiating open end. The values of d

chosen were d a 0.150, 0.200, 0.250, 0.300, and 0.378, all in inches.

The values of a, b and er were maintained the same. Also, for each setting

of d, measurements were taken at a series of frequencies: 10.1, 10.2,

10.4, 10.6, and 10.8, all in GEz. For each of these 25 different combin-
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ations, a plot similar to that in Fig. 3.17 was obtained, and the value

of a was determined from the slope of the straight line through the average '-9

of the curve.

That value of a is the total loss a T' to which we have two contri-

butions: the leakage loss a, which we seek, and the intrinsic metal and

dielectric loss a.• The value of oL for each of the selected frequencies

was measured by applying the same procedure to the structure when d is made

so large that no radiation reaults. Sulbtraction of the appropriate value

of aL from each determination of aT yieLds the desired series of values

of leakage constant a. In Fig. 3.17, tie value of aL is 2.3 dB/m com-

pared to a measured value of 26.0 dB/m for aT'

In the discussion above* we have described in some detail the basically

straightforward measurement set-up that we de•t.gne4, the feed taper being

the only complicated and sophisticated part, and the simple and direct

measurement procedure based on probing the field alon6 the aperture length,

Before moving on and describing the measurements taken by Yoneyama, we

should mention some difficulties that arose in the early stages of our

measurements. It is desirable to include some comments about these dif-

ficulties because they led both to our request to Prof, Yoneyama for mea-

surements to be taken by him and to our recognition that the asymmetric

leaky wave antenna described below in Sec. D should work well.

When we designed the first leaky structure, we did not have available

a dielectric strip of sufficient thickness, but we did hayv many strips of

half that thickness. We therefore took two strips and glued them together

longitudinally, by placing dabs of some dielectric glue more or less peri-

odically all along the length. The actual process was conducted by our

machine shop personnel who said they bad used this glue previously with

success. We had no reason to suspect that an) problem would arise, and we

thought no more about it.

Although the design of the rest of the structure was conducted care-

fully, we encountered large ripples in the probe pattern and we found
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cross-polarization effects everywhere, within tne guide and in the radi-

ated field. Nothing that ve did improved matters much. We redesigned

the feed taper, making it cuite complex, with three independent successive

taper sections, we refined the probe arrangement, we eliminated any pos-

sible Saps betwoen metal ard dielectric, and so on. All this took a great
deal of time, but we were tnable to locate the source of the problem.

Although everything was maintained to be symmetrical, something was pro-
ducing asymmetry with the resultant mode converLuion and cross polarization.
We finally discovered that the difficulty was due to the glut that was
used to hold the two dielectric strips together longitudinally. Not only
did the glue possess a different dielectric constant, but it seeped unevenly
into the dielectric strips producing asymmetrical blobs.

We then purchased some new dielectric rods of larger diameter, and
cut the strips from them. When we employed those new dielectric strips
(without thw naed for glue), the situation improved dramatically. We
"were finally able to take decent measurements (Fig. 3.17 presents a
sample), and we then did so in a short time.

During the period of difficulty and frustration, we met with Prof.
Yoneyama at the International Microwave Symposium in Boston in June 1983;

we described our research on the foreshortened-top leaky wave antenna, in-
"cluding both the theoretical and experimental aspects, and we described
our measurement dilemma as well. We hinted that we would appreciate it if

he could make such measurements for us, and he responded very favorably.
_A, It turned out that he was able to take such measurements rather quickly,

and that they agreed well with our theory. Vurther details are given in
the next section (C, 2).

During the process of examining all possible sources of asymmetry in
our measurement structure, we noted that sometimes the dielectric strip

separatcd from the metal w&lls, producing a small air gap. If the air

gap occurs on only one side, producing asymmetry, thau leakage of the op-

posite polarization is produced. In our set-up, such gaps were too small
to cause much of a probleta, and anyway no effect was noticed when the gaps
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were closed. However, this observation led to the realization that a m
sufficiently large gap could form the basis of a new leaky wave antenna,

of simple configuration, that radiates horizontal, instead of vertical,

polarization. That structure is discussed in Sec. D. , -1A

2. Measurements Taken by Yoneyama

it was mentioned above that some measurements on the foreshortened-

top leaky wave antenna were kindly taken at our request by Prof. T.

Yoneyama of Tohoku University in Japan. Prof. Yoneyama, together with

Prof. S. Nishida, had originally proposed the NRD guide in 1981, and he

had designed many successful components in that guide type. hie was there-

fore already set up to take the measurements we requested and he sent us

the results within a short time [36 1, We compared his measurements with

our theory, found very good agreement, and then knew for sure for the first

time that our reaults were correct and that those of Sbigesawa and Takiyama

(see Fig. 3.15) were wrong. The approximatios in their theory were evi-

dent~.y not good ones, and the coupling losses that they neglected in their

measurements must have been sizeable.

Yoneyama took measurements at only a single frequency, at f - 50.0 GHz

in the millimeter wave range. The structure on which he took measurements,

and the details of his feed arrangement, are shown in Fig. 3.18. He em-

ployed a directional coupler arrangement to excit:e one end of the antenna,

so that the power picked up by the probe first iicreases over a short dis-
tance and then decreases in the expected exponential fashion.

A semilog plot for one of his cases is shown in Fig. 3.19, where the

above-mentioned short rise appears. One sees *that he also obtained a ripple,

but he was able to draw a straight line' through its average, and to deduce

a value of Ct from it. He also measured the intrinsic (metal and dielectric)
lose, and subtracted that value from the meatiured r vailue. The plot in

Fig. 3.19 corresponds to our d - 1.5 mm (his d in Fig. 3.18 is equal to
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our d). An important difference between his measurements and ours is due

than ours; that is why the period of the ripples seems much smaller in

Fig. 3.19 than in Fig. 3.17.

In Fig. 3.20 we present a comparison between Yoneyama's measured
values and our theoretical results for the leakage constant a as a func-
tion of d. Even though hit; measurements were taken at a frequency of

50 GHz and our calculations were made at 48 GOz, the frequencies are
close enough together to permit comparison. It is seen that the agreement

I
is quite good, demonstrating that the discrepancy in Fig. 3.15 is not due
to an error in our theoretical results.

3. Comparisons With Theory

The measuremenit procedure and the measurement set-up were described
in Sec. C, 1. The measurements that were taken were of the leakage constant

a as a function of the distance d between the air-dielectric interface

and the radiating open end. The values of plate separation a , dielectric
strip width b , and relative dielectric constant C were maintained the

same throughout the measurements; these values are a - 0.500 inch,

b - 0.378 inch, and E r u 2.56. The difftrent valuas of d were d 0.150,
0.200, 0.250, 0.300, and 0.378, all in inches. For each value of d

measurements were made at the following frequenciesi 10.1, 10.2, 10.4,
10.6, and 10.8, all in GOz.

For each of these 25 different cases, probe measurements were made as

a function of distance along the structure, and a plot similar to that in
Fig. 3.17 was obtained. As explained in Sec. C, 1, the value of a was
then determined from the slope of the straight line through the average of

the curve. However, the intrinsic loss, comprised of the metal and the
dielectric losses, must be subtracted from the a deteimined from the plot
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10 ,I f-48 GHz 0 -=6.25mm .,,v'-
a-, 2.7ram b - 2.4mm •,,:.(dB/m) 6r -2.56

100 .----- Theory at 48 GHz

"10® Mess, at 50 GHz
: (Yoneyama)

• ..

102

0~~~4 1 2 3 45,~

Fig. 3.20 Compariso1 between our theoreti2al calculations at 48 GHzand measurements taken by T. Yoneyama at 50 Gb z for the
leakage constant a as a function of distance d between
the air-dielectric interface and the radiating open end.
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in order to obtain the leakige loss itself.

Following the met'-d described in Sec. C, I for measuring the intrinsic

loss, the following ,,alues as a function of frequency were found for the

structure indicated above (d is then essentially infini.e):

frequency (GHz) 10.1 10.2 10.4 10.6 10.8

intri.nsic loss (dB/m): 2.2 20 3 2.5 2.7 2.9

In the values for ct reported below, it is underntood that these values were

subtracted from the dlirectly meLSUid ones.

In Figs. 3.Z21 through 3.25, we present comparisons between theoretical

curves and these mi-asured results. The solld lines in these figures all

represent numerical data computed usiug the almost-riiorous theory derived

in Sec. A, 2; the measured points are indicated by x's. In each fig'ire,

the lt-kage constsnt a is ploc-t-, as a futnction of the distunce d ; the

different figures correspond to different values of frequency. We there-
fore present in these figures five different theoretici. curves, and 75

different experimental points,

The agreement is seen to be very good over the whole range erf values

of d and, over all the frequencies. The theory is essentially rigorous,

and systematic care was taken with respect to the measurements, so that

the agreement found is highLy gratifying.

S."'. I
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80 f'=10.1 0hz
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Fig. 3.21 Comparison between our theoratical calculations and our
measured results for the leakage constant a as a function
of distance d, at a frequen --Y of 10.1 UGH.
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8 x Experiment

(dB/m)a
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Fig. 3.22 Same as Fig. 3.21, but at a frequency of 10.2 Giz.
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-- Accurate Theory

x Experiment
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.• •, f '10.4 Ghz

4
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d (inches)

Fig. 3.23 Same as Fig. 3.2.1, but at a frequency of 10.4 GHz.
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100 - Accurate Theory
8x Experiment
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2-

b.0.378 in,

10- an 0.500 In.

8f = 10.6 Ghz

- Er = 2 .6 6

4
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Fig. 3.24 Same ai Fig. 3.21, but at a frequency of 10.6 GHz.
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Fig. 3.25 Same as Fig. 3.21, bujt ai. ai frequency of 10.8 G~z.
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D. NEW ASYMMETRIC ANTENNA

It was mentioned in Se,,. C, 1, that during the course of our measure-

ments on the foreshortened-:op leaky wave structure we found that a small

air gap sometimes developed between the dielectric strip and the metal

plates. We overcame the poi:ential difficulty by employing a very thin

double-backed adhesive strip, but we speculated about what effect such

an air gap might have, and These thoughts led to the new asymmetric an-

tenna described here. The principle of operation of the new antenna is

described in Sec. D, 1.

While deciding how best to analyze the basic ,structure,ý we recognized ••••

that there are features about this structure that strongly resemble those

of the family of dielectric strip waveguides. Those guides can also be-
come leaky under appropriate circumstances, but they are not generally V'.

suitable as antennas. Because of this recognition, however, we analyzed

the new antenna structure by employing the mode-matching procedure that
we developed previously [26] undo, the Joint Services Electronics Program

contract at the Polytechnic [37). We even found that the computer program

developed in that context could be applied here after appropriate modi-

fications. Also, the analysis of the new leaky wave structure in NRD guide

began near the end of the present contract. The kinship to the family of

dielectric strip guides in fact permitted us to logically and legitimately

continue the analysis of this structure unde- JSEP sponsorship after the

present contract ended.

The main features of the analysis, and some numerical results, are

presented in Sec. D, 2. In the context of these results, we indicate

further the close relation of the new structure to leaky dielectric strip

guides. Most striking is the pri.sence of sharp dips in the curve of a

as a function of strip width; that uncommon phenomenon also occurs for the

dielectric strip guides, and the explanation for it there is valid here

as well. Some other similarities and certain differences between the

"structures are also discussed. The section ends with some comments on
what work still needs to be done in connection with this new type of antenna.
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1. Principle of Operation

The leakage mechanism can best be understood by examining the basic

structure. Let us refer to Figs. 3.26 (a) and (b), which show, respec-

tively, the nonradiating NRD guide and the guide containing an asymmetric

air gap. The structures are placed horizontally, rather than vertically,

to permit direct comparison later with dielectric strip waveguides.

The first structure, in Fig. 3.26(a), is that of NRD guide itself,

but with side walls of finite length. The length is sufficiently great, L
however, that the evanescent field of the lowest mode wIth the electric 'I

field polarization shown has negligible amplitude at the open ends. As"

a result, the guide does not leak, in contrast to the leaky wave antenna

discussed in detail in Secs. A, B and C above, where one side of the NRD

guide was foreshortened substantially.

, ,[.•.. , . , .

•..,•. •.,•., I,.

Cb)

Fig. 3.26 Cross sections of (a) Nonradiating NRD guide, and (b) NRD
guide containing an asymmetric air gap, which produces
leakage. The structures are placed on their sides to
permit later comparison with open dielectric strip
waveguides.
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In the second structuie, that in Fig. 3.26(b), the asymmetrically placed

air gap introduces new field components, as is shown in the figure for the

electric field. As is seer, the distortion of the electric field lines pro-

duces a net vertical electric field, thereby exciting the TEM mode in the

parallel plate region away from the dielectric strip. Since the TEM mode
S~will propagate at all frequencies, it will carry power away from the di-,

electric strip region at an angle toward the openings at the sides, thereby
producing power leakage. Because of the symmetry of the structure, power

leaks away on both sides, but with opposite phase, as shown in Fig. 3.26(b)

by the vertical electric field line on each side of the center strip.

Although the NRD guide will operate satisfactorily as a wavaguide whether

the guided mode is fast or slow, the antenna with the asymmetric air gap

will radiate only when the guided wave is fast. This requirement follows

readily from observing the wavenumbers. For the TEM mode, which is the
n " 0 transverse mode,

k2 -k2 +k2  or k [kk 2 k 23(
0 z yo yo o :

where k5 is the wavenumber of the guided wave (in the axial direction), and

k is the transverse wavenumber in the y direction in the outer air regions.yo
If the guided wave is a fast wave, k >k , so that ky is real; for a slow

yoz yo
wave, k is imaginary, and the wave is evanescent transversely. (Actually,yo
k and k will possess small imaginary parts when leakage occurs, so thatz yo
kz and k o are really complex, but the simple physical idea presented above

is still valid.)

For an actual leaky wave antenna, the antenna aperture amplitude dis-
tribution is tapered to control the side lobes. In this structure, such
a taper can be produced easily by simply changing the thickness of the air

gap, beginning with it completely closed and then gradually (in distance)
opening it. For a practical antenna to be achieved, the structure would

also have to be closed by a metal wall on one side, so that the radiation

occurs from one side only. Additional comments in this regard are given

"at the end of the next sec tion.
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2. Analysis and Numetical Results

* ,A dielectric step junction is present at each side of the dielectric

"* strip in Fig. 3.26(b). At each such junction, al! the higher transverse •

modes are excited in both the air region and the partially dielectric- .

filled region. In the air region, only the TEM transverse mode is above

cutoff; in the partially dielectric-filled region, both the lowest TE

and TM transverse surface wave modes are above cutof:. The remaining

modes on both sides are evanescent, and are therefore stored in the

vicinity of the junctions and contribute to their reactive nature.

The propagation characteristics of the leaky wave structure were
obtained by a mode-matching procedure in the transverse direction similar

to that described in detail for the analysis of leakage from dielectric

strip waveguides (26,27]. Numerical values for a specific case for the K
leakage constant a as a function of the dielectric strip width b are

presented in Fig. 3.27.

We should first note that the leakage values are quite large, being

equivalent at the maximum value to about 1/2 dB per wavelength. The most

dramatic behavior, however, concerns the serius of sharp dips in a. This

seemingly odd behavior also occurs in the leakage from dielectric strip

waveguides, and it was explained in that context [27].

Examples of dielectric strip guides for iiillimeter waves are the

rectangular dielectric image line, the "insula;r" image line, and the
inverted strip guide, illustrated in Fig. 3,28. The dielectric image

line, the topmost guide, never leaks, but the other two can because they

posoess dielectric wings that can carry away power in surface wave form.

"On the other hand, it can be shown t271 that the dominant mode on any of

these dielectric strip guides does not leak, but that the lowest mode of
the opposite o0arization can leak, and that higher modes almost always

leak.
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Fig. 3.27 Curve of leakage con.stant ( as a function of dielectric
strip width b for the new leaky wave structure shown
in Fig. 3.26(b). Note the unusual sharp dips, charac-
teristic of leakage from open dielectric strip waveguides.
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RECTAN(OULAR iMAGE LINE

"INSULATED" IMAGE LINE

INVERTED STRIP GUIDEV

Fig. 3.28 Excamples of open dielectric strip
waveguides for maillimeter waves.

TE (evanescent)

Fig. 3.29 Pictorial representation'of TE-TM m~ode czonversion
effects at one side of an open dielectric strip
waveguide that give rise to leaky modes.
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We may now draw the first parallel between the diel.ectric strip guides

and the structure in Fig. 3.26(b). The lowest mode on that structure pos-

sesses a vertical electric field, and may be viewed as a perturbation of

the lowest mode on the dielectric image line. Even with asymmetry, that

mode will not radiate. The mode shown in Fig. 3.26(b) is indeed the lowest

mode of the opposite polarization, with the electric 4ield horizontal instead
of vertical. (It is also the mode we want for millimeter wave use, because

the electric field is basically parallel to the walls so that the metal wall

losses decrease with increasing frequency.)

Q
The next basic point of similarity involves the mode conversion that

occurs at the dielectric step junctions in each of these structures. The

nature of this mode conversLon for dielectric strip waveguides is shown

pictorially in Fig. 3.29. Suppose first that no mode convorsion occurs.
Then, an incident TE surface, wave ray produces only a reflected TE surface•. ,"•%

wave ray inside the strip and a "transmitted" TE ray outside that is ev-

anescent, in keeping with the requirement that the mode be bound. When

mode conversion at the .dielectric step junction is taken into account,

we find in addition a TM surface wave ray inside the strip region and a TM

surface wave ray outside of it. Depending on the wavenumber conditions,

the TM ray outside may or may not be propagating; if it is, it corresponds

to the leakage of power in the form of a surface wave. The next interesting

point to observe is that the polarization of that leaking TM surface wave

outside of the strip region is opposite to that of the incident TE surface

wave inside the strip region. Thus the power that leaks away has a po-

larization opposite to that possessed by the main portion of the guided

mode.

If we were to draw a pictorial representation for the asymmetric NeD
guide structure similar to that in Fig. 3.29 for dielectric strip guides,

we would need to replace the outsi de dielectrLW layer by an air-filled

parallel plate guide. The modes in the outside region would then not

be surface waves but parallel plate modes instead. We would again have
an incident TE surface wave ray, as before, with a reflected TE ray inside

and an evanescent TE parallel plate mode outside. We would also have a
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mode-converted TM surface wave ray insidR, as before, but outside we would

now need a mode-converted TEM. ray. This TEM ray would or would not be

propagating transversely depending on conditi(Ins, but we earlier noted

that propagation would occur if the guided wa'oe were fast. We also note

that the polarization of the leaking TEM wave is opposite to that of the

incident TE surface wave ray, in agreement with the situation found for

dielectric strip waveguides. N .4

The final correspondence relates to the strong dips found in the
curve of a vs. b (Fig. 3.27). Similar dips are found in cozresponding
curves for dielectric strir guides. These dips are "resonances" or

"cancellation effects" due to the mode-converted TM surface wave that

bounces back and forth iatside the dielectric strip region. That mode- ..

converted contribution is also present in the asymmetric NRD guide antenna

structure, so that we should indeed expect to find similar strong dips

present.

We therefore see that there are very strong correspondences in phys-

ical behavior between the asymmetric NRD guide antenna and the leaky di-

electric strip waveguides. They are similar in that a mode-converted TM ,

surface wave is produced inside the strip region, that the polarization

of the leakage power is opposite to that in the main guided wave, and

that strong dips are found in the attenuation plot3. One difference

between the structures is that the leakage power is carried by a TEM mode

in parallel plate guide rather than by a surface wave. It is interesting .,•

that the a is caused by the TEM mode outside of the strip region, but that

the resonant dips in the values of a relate to the mode-converted TM sur-

face wave inside.

Another important difference is present between these structures. In

the dielectric strip guides, the outside regiun can always support a sur-

face wave in some direction, so that its effective dielectric constant for

the basic mode is real and positive. In contrast, the outside region in

the asymmetric NRD guide structure, corresponding simply to the parallel r

plates, is below cutoff for the basic mode (the TE mode), so that iL.s
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effective dielectric constant In that region is negative real. As a re-

suit, the lowest longitudinal guidrd mode for the overall structure is above

cutoff for any value of dielectric strip width in the case of dielectric

strip guides, whereas, for the structure in Fig. 3.26(b), the longitudinal

"guided mode will go below cutoff if the strip width b becomes sufficiently

small. This feature explains why the curve in Fig. 3.27 stops at a non-

z.2ro value of width b .

For most millimeter wiivc applications, it is desirable to restrict the-'-T,
radiation from the leaky wave antenna to one side only. That modification

as applied to the structure of Fig. 3.26(b) can be accomplished by placing

a short-circuiting metal plate some distance away from the dielectric strip

on one side and leaving thu, other side open or attaching it to a ground

plaae. This more comp3icated cross section still remains to be analyzed.
Two problems will require . -tention. The first is that the leakage rate a

will be affccted by the precise locatLon of the short.-circuiting plate, so

that its position must be optimiz~.d. The second is that the cross section

is no longer symmetrical, so that additional model solutions become possible.

The added complications introduced by these additional solutions must ,. ,

be examined and then taken into account. t.,

SThis new NO guide leaky wa•t ;antenna, based on asymmetry, is of

interest because of its simple c, afiguration. its large maximum leakage rate
(s•o that a large range of beam• widths can be achieved), its ease of connection,.-,
with NRD guide !ntegrated ci'cuiLry, and the fact that its width is less

than half a wavelength. This lasL p,;Iint is ,if particular interest if the

antenna is used as a line source in a phased array of such line sources,

since grating lobes would then automatically be eliminated. An additional

-. v~vrtue of' this antenna is that the polarization of its radiation is the

opposite of that obtained from the foreshortened-top NRD guide antenna.
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